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Nanoparticle Diffusion In Polymer Networks
Abstract
The incorporation of nanoparticles into polymer networks can lead to improvements in current
technologies and solutions for global challenges. For example, mechanical properties can be enhanced
while maintaining processability, controlled release of drugs can be enabled, and desalinization
membrane capabilities can be improved. Inherent to these applications is controlling the localization and
mobility of nano-scale diffusants. To improve the functionality of polymer nanocomposite materials, a
fundamental understanding of how polymer parameters affect nanoparticle diffusion is required. For this
dissertation, I studied nanoparticle diffusion within heterogeneous, homogenous, and biological polymer
networks. Using single particle tracking, I investigated the role of confinement, heterogeneity, extent of
gelation, and swelling on nanoparticle mobility. For each study, nanoparticles were integrated into the
polymer network, hundreds of trajectories were followed in fast frame rate videos, and then these
trajectories were analyzed to yield quantitative information such as mean-squared displacement,
displacement distributions, and diffusion coefficients. From quantitative analysis of nanoparticle
dynamics, insight into the impact of various polymer properties on mobility were obtained. Specifically, in
two environmentally responsive, heterogeneous hydrogels, polyacrylamide and poly(Nisopropylacrylamide) gels, confinement, dynamic heterogeneity, and enthalpic interactions impacted
nanoparticle mobility, which varied from diffusive to localized. Solvents and temperature were used to
elicit collapse of these heterogeneous networks, which resulted in drastically decreased nanoparticle
mobility. In these studies, displacement distributions revealed the extent of Gaussian behavior which was
found to be a marker of environmental heterogeneity or cage size. For gelation of tetra-poly(ethylene
glycol) networks, a proposed homogeneous network, polymer concentration and extent of gelation
impacted nanoparticle diffusion. Using analytical tools developed for synthetic polymer networks,
nanoparticle diffusion within the cell cytoplasm was studied, revealing that nanoparticles moved further
and faster in cancerous cells and in cells with disrupted actin networks. Overall, our studies revealed that
confinement alone does not control nanoparticle mobility within polymer networks and that dynamic
heterogeneity played a significant role. Identifying factors which determine how nanoparticles diffuse in
polymer networks will aid in the design of novel and existing membranes, scaffolds, and drug delivery
systems.
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ABSTRACT

NANOPARTICLE DIFFUSION IN POLYMER NETWORKS
Emmabeth Parrish Vaughn
Russell J. Composto
The incorporation of nanoparticles into polymer networks can lead to
improvements in current technologies and solutions for global challenges. For example,
mechanical properties can be enhanced while maintaining processability, controlled
release of drugs can be enabled, and desalinization membrane capabilities can be
improved. Inherent to these applications is controlling the localization and mobility of
nano-scale diffusants. To improve the functionality of polymer nanocomposite materials,
a fundamental understanding of how polymer parameters affect nanoparticle diffusion is
required. For this dissertation, I studied nanoparticle diffusion within heterogeneous,
homogenous, and biological polymer networks. Using single particle tracking, I
investigated the role of confinement, heterogeneity, extent of gelation, and swelling on
nanoparticle mobility. For each study, nanoparticles were integrated into the polymer
network, hundreds of trajectories were followed in fast frame rate videos, and then these
trajectories were analyzed to yield quantitative information such as mean-squared
displacement, displacement distributions, and diffusion coefficients. From quantitative
analysis of nanoparticle dynamics, insight into the impact of various polymer properties
on mobility were obtained. Specifically, in two environmentally responsive,
heterogeneous hydrogels, polyacrylamide and poly(N-isopropylacrylamide) gels,
confinement, dynamic heterogeneity, and enthalpic interactions impacted nanoparticle
ix

mobility, which varied from diffusive to localized. Solvents and temperature were used to
elicit collapse of these heterogeneous networks, which resulted in drastically decreased
nanoparticle mobility. In these studies, displacement distributions revealed the extent of
Gaussian behavior which was found to be a marker of environmental heterogeneity or
cage size. For gelation of tetra-poly(ethylene glycol) networks, a proposed homogeneous
network, polymer concentration and extent of gelation impacted nanoparticle diffusion.
Using analytical tools developed for synthetic polymer networks, nanoparticle diffusion
within the cell cytoplasm was studied, revealing that nanoparticles moved further and
faster in cancerous cells and in cells with disrupted actin networks. Overall, our studies
revealed that confinement alone does not control nanoparticle mobility within polymer
networks and that dynamic heterogeneity played a significant role. Identifying factors
which determine how nanoparticles diffuse in polymer networks will aid in the design of
novel and existing membranes, scaffolds, and drug delivery systems.
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1.1

Motivation
Polymers that contain nanoparticles (NPs), or polymer nanocomposites (PNCs), have

been an active area of study since 1990, and still details of their structure-processingproperty relationships are of current interest.1 Applications of PNCs include tires that
contain carbon black for improved wear resistance2, polymeric clothing with incorporated
silver NPs as an antibacterial agent3, and packaging with platelet NPs within the polymer
to enhance barrier properties4. The common theme in these applications is that the
addition of NPs enhances or adds functionality. The incorporation of NPs into polymers
has added properties such as mechanical strength5, flame resistance6, thermal5, optical
and electrical properties.7, 8, 9 For example, gold nanorod assembly can be used to tune
optical properties when added to polymers

9, 10, 11

and the addition of carbon nanotubes

(CNTs) to a polymer matrix can increase both strength and electrical conductivity.12
While traditionally the filler component of PNCs has been considered immobile, within
swollen polymer networks, solution, and indeed in some PNC melts, the particles can be
mobile. In addition to the guest NPs dynamics, their incorporation can change the
properties of the polymer matrix.13, 14 Thus the study of the dynamics of PNC systems is
exceptionally relevant to both fundamental topics such as viscosity optimization to
improve processing conditions15 and applied areas like coatings, self-healing materials,
drug delivery, and separation membranes.12, 16, 17
Recently, PNCs and NP diffusion have gained importance in biomedical research.12,
18, 19

Polymers, specifically hydrogels, can mimic the native properties of tissue. In

applications where NPs provide functionality, such as CNTs used to create engineered
electrically conductive tissues like nerves12, the NPs must remain immobile, whereas in
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applications such as drug delivery, the NPs must move in a controllable manner. Thus,
understanding and controlling how NPs move within these polymer networks in vivo is
critical to their functionality. Additionally, modeling the motion of bacteria and viruses in
vivo requires knowledge of how variously shaped small entities move within complex
environments. NPs can act as model probes for such studies. For example, Chhetri et al.18
used gold nanorods to probe the organization of two biologically complex environments,
the extracellular matrix and mucus. The authors demonstrated that by first characterizing
the diffusion of the rods in a polymer system with known properties, qualitative
conclusions could be made about the biological environments studied.18 However, further
development of models describing NP diffusion in complex media are needed to make
quantitative connections between NP diffusion and the organization of biological
environments. This new era of interdisciplinary research into NP diffusion in polymeric
systems promises to build upon the fundamentals laid out by polymer physicists and
chemists to answer bio-relevant questions.
1.2

Polymer Networks
Multiple chapters of textbooks, notably “Polymer Chemistry” by Paul Hiemenz20 and

Timothy Lodge and “Polymer Physics” by Michael Rubinstein and Ralph Colby21, have
been devoted to the topics presented here. The following sections will briefly present
gelation, heterogeneity, and swelling of polymer networks to highlight fundamental
concepts in preparation for their discussion in subsequent chapters.
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1.2.1

Gelation

Examples of polymer networks are ubiquitous, from the hydrogels in diapers and
contact lenses to natural collagen networks to Jello. The formation of the network begins
with a connectivity transition that occurs at the percolation threshold. Initially, polymer
chains exist in the sol state, in which the molecules are soluble and many chains exist,
shown in Figure 1.1a. As crosslinks form between chains, the individual chains become
longer and more interconnected. Once a large enough chain has formed such that it is no
longer soluble, but only able to swell, the gel state has been reached, shown in Figure
1.1b. The crosslinks that form can either be chemical bonds, such as in rubbers, or
physical bonds, such as in paints.21

Figure 1.1: Schematic of (a) polymer chains in the sol state and (b) polymer chains with
crosslinks forming a gel or network.
The transition from sol to gel occurs at the gel point. Before the transition, the system
is a mixture of polymer chains. After the transition, the system remains mainly a mixture
of branched polymer chains, however, one chain percolates the system. Simplistically,
gelation can be thought of as connecting neighboring lattice sites. For example, in the
bond percolation model all sites of a lattice are filled and gelation proceeds by creating
4

links between these filled sites. From a site on the lattice, the number of crosslinks that
can be formed is determined by the functionality, f. For example, a square lattice has a f
of 4. The gel point, pc, of a lattice with f functionality is described by21
𝑝𝑐 =

1
𝑓−1

.

(1-1)

For a model polymer system with a single degree of polymerization, N, the gel point can
be calculated by20
𝑝𝑐 =

1
𝑁−1

1

≈ 𝑁.

.

(1-2)

For a real chain, N becomes the weight average molecular weight, N w. This is quite
remarkable, as a very low extent of reaction is required to produce a gel. For example, a
polymer chain with a molecular weight of 5K would require approximately 0.02% of the
chains to crosslink to form a gel.20 Prior to the gel point, the system is in the sol state and
the material is liquid like, having a larger loss modulus, G”, than storage modulus, G’.
At the gel point, the storage modulus becomes larger than the loss.22, 23 For some systems,
this is not realizable and other criteria for gelation, such as both G’ and G” having the
same power law dependence on frequency, must be used.22 Past the gel point, the sol
fraction continues to decrease as the extent of reaction increases. Well formed gels
usually proceed to approximately twice the gel point.21
1.2.2

Heterogeneity and Defects

The crosslinks in polymer networks freeze defects and inhomogeneity into the
structure that would equilibrate in polymer melts and solutions. A variety of types of
5

inhomogeneities can exist within networks such as spatial, topological, connectivity, and
mobility inhomogeneities, as seen in Figure 1.2.24 These inhomogeneities cause
difficulty in determining the precise structure of gels as well as modeling their properties.
Despite this difficulty, the inhomogeneities have signatures which are observed
experimentally. Spatial inhomogeneities, Figure 1.2a, are the result of variations in
crosslinking density which are typically in the range of 10-100 nm.24, 25 These types of
defects are observed in the Small Angle X-ray and Neutron Scattering (SAXS, SANS) as
excess low-q (larger length scale) scattering.25,

26

Network defects, such as loops,

dangling ends, and trapped chains, fall into the topological inhomogeneity category,
Figure 1.2b. These defects affect the swelling and mechanical properties of the gels.
Entrapped chains act as crosslinks, limiting the extent of swelling, while dangling ends
cannot contribute to swelling or load transfer.26 Clusters of disparate sizes formed during
the gelation process cause connectivity inhomogeneities, Figure 1.2c. These
inhomogeneities can be seen in the intensity–time correlation function near the gel point
in dynamic light scattering (DLS) experiments.26 Variations in local chain mobility,
called mobility inhomogeneities, are caused by crosslinks occurring at different chain
separations, Figure 1.2d. The differences in chain mobilities cause speckled scattering
once the gel state has been reached in DLS experiments.24 These inhomogeneities affect
the mechanical properties, optical clarity, and permeability of gels.
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Figure 1.2: Schematic of (a) spatial, (b) topological, (c) connectivity, (d) mobility
inhomogeneities in gels.
1.2.3

Swelling

As noted earlier, a distinct property of gels is their ability to swell in solvents instead
of dissolving. The swelling is driven by favorable free energy of mixing, while the energy
needed to stretch the chains opposes swelling. Thus, the free energy of the system can be
described by20
∆𝐺 = ∆𝐺𝑚 + ∆𝐺𝑒𝑙

(1-3)

where ΔGm is the free energy of mixing and ΔGel is the elastic free energy. The
expression for ΔGm comes from the Flory-Huggins extension of regular solution theory. It
is adjusted for an infinite network (N ~ ∞), which means that the polymer contributes no
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entropy of mixing. Both an entropic and enthalpic component are included as shown
below20

(1-4)
where R is the gas constant, T is temperature, n1 is the number of moles of solvent,
the volume fraction solvent,

is the volume fraction of polymer, and

is

is the interaction

parameter. The elastic component is solely entropic,20

(1-5)

where kb is the Boltzmann constant,

is the number of strands affected, and

is the

extension ratio. When equilibrium swelling is achieved, the osmotic pressure is balanced
by the elastic free energy. The swelling ratio, Q, can be calculated by 21

(1-6)

where v is the total equilibrium volume and vdry is the total volume in the dry state. Q is
inversely related to the polymer volume fraction. The extent of swelling depends on the
quality of the solvent, with better solvents resulting in increased swelling due to the
interaction parameter.
1.3

Particle Mobility in Polymer Solutions, Melts, and Gels
The extent of gelation, inhomogeneities, and degree of swelling all impact NP

mobility within polymer networks in ways that will be discussed in this thesis. To give
context to subsequent chapters, particle mobility within polymer systems generally is
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presented below. NP diffusion within polymer systems has been studied since Wyart and
de Gennes27 proposed the first scaling models for a particle moving in a melt. The
following presents key theories and experimental studies to show how the field has
advanced.
1.3.1

Stokes-Einstein Model

The Stokes-Einstein (SE) model28 has been used to describe diffusion of a spherical
particle in various media. This model is only applicable when particles are large
compared to the medium molecules and the medium is a continuum fluid. The diffusion
coefficient of a particle described by the SE relation, DSE, is proportional to the thermal
energy at a given temperature, i.e. the Boltzmann constant kB times temperature, T, and
inversely proportional to the pure solvent viscosity, η, and the particle diameter, d, as
shown in Equation 1-7

(1-7)

Phillies found that the SE relation was applicable for 100 nm PS spheres in waterglycerol and water-sorbitol solutions29; however, in polymer-water solutions, where the
solvent and solute are comparable in size, the SE relationship failed.30,31 Similar to
colloids in polymer solutions, the SE relation does not accurately describe the diffusion
of NPs for NPs smaller than, and even slightly bigger than, the characteristic length, i.e.
dt, the tube diameter, in an entangled polymer melt, solution, or the mesh size, ξ, in a
network.

9

1.3.2

de Gennes Model

Brochard Wyart and de Gennes27 argued that the bulk viscosity did not capture the
behavior of surrounding flows near NPs, and thus NP diffusion was decoupled from the
SE relation. Namely, when NPs were smaller than the mesh size, the friction felt by the
particle was dependent on contact with monomers, resulting in a length-scale dependent
friction that was less than the bulk value. Such breakdown in SE relation when NP size is
comparable to the characteristic length is reported in various studies for polymer solution
32, 33, 34, 35, 36

and melts 37, 38, 39, 40, 41, 42, 43, 44, 45. For example, Grabowski et al.39 showed

that the diffusion coefficient of gold NPs in a poly(butyl methacrylate) melt was
approximately 200x faster than the SE prediction when the NP diameter was comparable
to the mesh size, 6 nm. Archer et al.46 also reported interesting, non-SE behavior when
NPs became comparable in size to the entanglement mesh. In poly(methyl methacrylate)
(PMMA) melts, NPs grafted with poly(ethylene glycol) (PEG) exhibited a transition from
diffusive to hyperdiffusive when Mw became greater than the entanglement molecular
weight. Brochard Wyart and de Gennes27 also argued that as NP size approached the
mesh size, there was a sharp crossover in friction “felt” by NPs. Thus, for NPs of
comparable size to the mesh, the viscosity experienced by the NP was the bulk value and
SE behavior should be recovered.
1.3.3

Schweizer and Rubinstein Models

Recent theoretical studies45 also predicted deviation from SE behavior, but showed a
continuous transition from NP diffusion determined by local viscosity to bulk SE
behavior. SE behavior was expected to be recovered when the particle size was ~10x
greater than the dt. Experimentally the recovery of SE dynamics has been observed for
10

NP ≥ 5dt.47 This transition region suggests that other mechanisms besides frictional forces
affect NP dynamics. To account for this behavior, Yamamoto and Schweizer45 proposed a
constraint-release mechanism for NP diffusion. Namely, NPs were trapped by a polymer
network as NP motions became gradually coupled to the entanglement network, and a
slight density fluctuation resulted in the escape of NPs, resulting in faster NP diffusion.
This mechanism can explain the observed 10 to 1000 times SE enhancement in diffusion
of TiO2 nanorods within polystyrene (PS, MW: 9-2000 KDa).48 On the other hand, Cai et
al.49 proposed a NP hopping mechanism to explain NP diffusion, which is depicted in
Figure 1.3. NPs (diameter = d) moderately larger than dt are trapped in cages of the
entanglement network. To move, NPs must overcome a hopping free energy barrier. The
entanglement strands slip around the NPs, resulting in localization of the NP in a
neighboring cage. A study on the diffusion of PS NPs within polyethylene glycol (PEG)
solutions observed enhanced large displacements of the NPs and attributed this to NP
hopping.50 While these theories provide insight into the role of NP size and polymer
length scales, additional factors, such as NP-polymer interactions, presence of a bound
layer of polymer, and brush characteristics, have been shown experimentally to affect NP
diffusion.47,

51

For example, silica NPs in poly(2-vinylpyridine) melts show dynamics

well described by SE, despite the size of the NP being only 3 times the size of the tube
diameter.47
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Figure 1.3: Illustration of a particle larger than the mesh size hopping from initial
position to a neighboring cage with a mesh loop (red) slipping around the particle by
overcoming an energy barrier. Adapted from ref. 49, an ACS AuthorChoice open access
article.
1.3.4

Small Molecule Diffusion Models

One of the first models for solute diffusion in a swollen, crosslinked network was
proposed by Peppas and Reinhart. In their model, they propose that diffusion is
dependent on swelling and proportional to the mesh size of the gel.52,53 This model is
effective at predicting diffusion of molecules much smaller than the gel mesh, but is
inaccurate as the mesh size is approached.54 Models that have been developed for solute
diffusion in crosslinked polymer networks mainly fall into three categories, obstruction
models, hydrodynamic models, and free volume models.

54

Peppas and Reinhart’s model

is a free volume model where diffusion is determined by the probability of finding the
required free volume to move within the gel, P’, with mesh size, ξ, shown below.
(1-8)
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Obstruction models, which were developed for small molecule diffusion, assume the
polymer chains are fixed in space. Notably within the obstruction model category is the
Ogston model.55 The Ogston model considers the gel chains as barriers of randomly
distributed long fibers and is described by56

(1-9)
where ɸ is the volume fraction of polymer, Rh is the hydrodynamic radius of the diffusing
molecule, and ρ is the radius of the polymer chain, or fiber. This model can be used to
describe solute diffusion in dilute systems, but fails as the solute becomes larger,
potentially due to the assumption of immobile chains.54 Indeed, the model only describes
the situation in which the solute is smaller than the space between obstacles.56
Additionally, the model does not account for interactions between polymer and solute.
Such interactions have been shown to impact the diffusion of macromolecules in
hydrogels, such as that of fluorescently labeled dextran and cationic avidin protein in
hydroxyethyl methacrylate (HEMA)/ methacrylate acid (MAA) anionic hydrogels.57
Hydrodynamic models, which focus on frictional interactions between solute and
polymer, have been developed to better describe concentrated regimes. Cukier58 proposed
a hydrodynamic model where the solute experiences resistance from the overlapping
polymer chains. His equation for solute diffusion coefficient is given by54

(1-10)
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where κ which describes the resistive hydrodynamic interactions between solute and
polymer. Phillies also developed a similar, but empirical, hydrodynamic model. Instead
of an exponential dependence on the hydrodynamic interactions and solute size, in
Phillies model the dependence of the diffusion coefficient was a stretched exponential,
with the extent of stretching dependent on characteristics of the solute, such as molecular
weight for linear diffusants.54 Again these models assume fixed polymer chains and do
not adequately describe experiments when the diffusing molecule becomes large.54
Identifying factors that impact diffusion of larger particles is important for developing
more accurate models.
1.4

Nanoparticles as Structural Probes in Polymer Networks
Prior to studies using NPs, particles being used as probes of polymer networks was

tested using micron sized particles. Traceable colloidal particles were used to extract the
viscoelastic properties of polymer solutions and networks through particle tracking
microrheology. In this technique, the thermal motion of a particle is tracked using videos
to determine the mean squared displacement (MSD) from which the frequency dependent
complex shear modulus, G*, is obtained.59 The range of frequency dependence is based
on the capabilities of the camera with the highest frequency determined by the fastest
frame rate and the slowest by the length of time a particle is observed.60 Microrheology
has been shown to yield similar values for the plateau modulus of polyacrylamide gels as
bulk rheology.60 Additionally, Yodh et. al.61 showed that 1 µm fluorescent particles
embedded within sheared polyacrylamide gels could be used to determine a nonaffine
parameter from the extent of motion of the particles not along the shear direction.
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Microrheology has also been used to identify the gel point. Furst and coworkers 62 used
microrheology to determine the gel time and critical relaxation exponent of PEG-Heparin
hydrogel. They found that MSD was proportional to t≤0.45 if the system was in the gel
state. While this method can be used to determine macroscopic properties of the system,
an assumption of the technique is that the length scale of heterogeneity of the polymer
system is much smaller than the particle.59 Thus to identify local properties, probes
sensitive to these length scales are needed.
Due to the commensurate size of NPs with the heterogeneity, and often the pore size,
of gels, NPs can be used to probe local properties of gels.63, 64, 65 A recent study by Jee
and Granick, using PS beads and fluorescent dye molecules in methylcellulose,
demonstrated that NP diffusion behavior could be used to interrogate the structural
environment. Using fluorescent correlation spectroscopy, dye molecule diffusion was
described by two diffusion coefficients, Dslow and Dfast. Whereas Dslow was independent of
polymer concentration, Dfast decreased as polymer concentration increased, suggesting
that diffusion was dictated by two confinement environments, namely, a smaller fiber
spacing and larger mesh size. The diffusion of the larger PS beads decreased with
increasing polymer concentration, indicating that PS beads diffused only through the
larger mesh. Using a range of particle sizes, Jiang and Granick64 identified the
distribution of pores within agarose gels in a range of concentrations. They found that at
high concentrations, 0.75 wt% agarose, the distribution of pores was small with most
pores being approximately 250 nm, while at low concentration, 0.25 wt% agarose, the
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distribution of pores ranged from 500 to 3000 nm. These studies demonstrate that NPs
can provide structural information about the media in which they are moving.

1.5

Nanoparticles as Structural Probes in Biological Systems
Using probe molecules on the size scale of the intrinsic confinement of biological

systems similarly provides insight into the structure of their confined environment. Many
current areas of biological research, such as drug delivery and disease pathogenesis,
require knowledge of how small entities move within complex environments and how
those environments are structured on the nanoscale. From an environmental and health
standpoint, characterizing NP diffusion in biofilms, where bacterial cells surround
themselves with a matrix of extracellular polymeric substances, is critical. 66,

67

Additionally, the study of the structure of the local environment of cellular organelles
will be aided by understanding NP diffusion in crowded media.68,

69

A variety of

biological systems are themselves polymer networks, such as mucus, the extracellular
matrix (ECM), and actin networks. Recently, much research emphasis has been placed on
characterizing these systems with NPs.
Mucus is a barrier to both drug delivery and infectious agents; therefore,
understanding how NPs diffuse within mucus19, 70, 71 and how mucus is structured on the
nanoscale18,

72

is of current relevance. Hanes and coworkers71 found that densely

PEGalated NPs of size 100 or 200 nm diffused through human respiratory mucus while
NPs larger than 500 nm could not, suggesting that pores of at least 200 nm are present
within the heterogeneous structure despite scanning electron microscopy images
suggesting that most pores were 100 nm. Chetri et al. 18 used gold nanorods (NRs, Rh=
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19-24 nm) to probe the organization of human bronchial-epithelial mucus. The authors
found that NR diffusivity was sensitive to physiologically relevant changes in the
structure of the mucus; diffusion decreased as mucus solid concentrations increased from
a healthy level to that characteristic of airway diseases. Indeed, particle tracking has been
used to characterize cystic fibrosis sputum, showing it to have a very tight mesh in
comparison to healthy sputum.73 Studies like these have not only been able to
characterize the structure of mucus, but have also allowed for enhanced design of
particles that can penetrate mucus.
When a drug designed to target specific cells is not locally delivered, it must
inevitably diffuse through the ECM to reach the desired location, making the ECM
another important polymer network to understand how NPs move through and in its
structure. Chetri et al.18 also studied NR diffusion in ECM models, finding increasing
collagen concentration decreased particle diffusion, indicating that confinement
increased. Additionally, quantitative assessments of the pore sizes within the ECM have
been accomplished by analyzing NP diffusion within it.73,

74

For example, a study using

114 nm NPs densely grafted with PEG determined that these particles could diffuse
through the brain ECM, and that in human and rodent brain tissue pores as large as 225
nm were present.73 Models developed for NP diffusion in polymer systems can aid in the
quantification of these biopolymer structures.
As nanomedicine becomes more prevalent, the need to understand biological
environments on the nanoscale and develop nanoscale carriers with the ability to reach
target locations becomes more pressing. The intrinsic heterogeneity of biopolymer
17

networks requires techniques that can probe local environments to be able to extract
meaningful structural information and mobility quantification. One such method is single
particle tracking (SPT) of quantum dot NPs, as it allows for heterogeneous dynamics
within an ensemble to be quantified. By combining the mechanism and models of NP
diffusion in polymer networks with systematic analysis of heterogeneous dynamics,
insight into NP mobility within biological systems can be gained to develop design rules
for nanoscale drug carriers.
1.6

Dissertation Overview
This dissertation presents findings from disparate studies with a common theme:

nanoparticle mobility within polymer networks measured by single particle tracking
(SPT). To extend the collective understanding of NP diffusion in complex polymeric
networks, three types of networks were studied: heterogeneous gels, homogeneous gels,
and structural biological polymers. Each network was studied using quantum dot NPs as
photostable probes. NPs were integrated into the networks, their trajectories were
followed in fast frame rate videos, and then these trajectories were analyzed to yield
quantitative information such as MSD, displacement distributions, and diffusion
coefficients. In each case, analysis of NP dynamics yielded insight into which properties
of the network, such as mesh size, heterogeneity, and extent of gelation, controlled
mobility.
After a succinct presentation of the principles and methods of SPT in Chapter 2, this
thesis discusses the key discoveries related to NP dynamics within polymer networks in
Chapters 3 through 6. In the heterogeneous gels section, Chapters 3 and 4, NP mobility
18

in two environmentally responsive hydrogels, polyacrylamide gels (PAGs) and poly(Nisopropylacrylamide) gels (NIPAAM), were studied. It was found that confinement,
dynamic heterogeneity, and enthalpic interactions impact NP mobility within
heterogeneous gels. Solvents and temperature were used to elicit changes in the volume
of the gels. The responsive collapse of the hydrogels drastically decreased NP mobility.
In these chapters, the relevant length scales of the NP diffusion are presented along with
proposed mechanisms for observed behavior. In Chapter 5, a tetra-poly(ethylene glycol)
(TPEG) network was studied during gelation and at equilibrium swelling. Polymer
concentration was shown to control gelation kinetics. The gelation was characterized by
analyzing the ensemble MSD, the time dependence of the MSD, and the dynamic
heterogeneity. In Chapter 6, this analysis was extended to investigate NP diffusion
within healthy and cancerous cells of varied cytoskeletal structure. Finally, Chapter 7
presents prospective studies to further understand NP diffusion in polymer networks.
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Single Particle Tracking Experimental Method
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2.1

Motivation
Whereas Chapter 1 highlighted the motivation behind studying nanoparticle (NP)

mobility within polymer systems, this chapter serves to motivate the use of Single
Particle Tracking (SPT) to quantify NP mobility and presents the necessary background
and experimental procedures to begin SPT studies. SPT uses computer analysis of images
collected as frames of a video to follow the movements of individual probe particles or
molecules.1 SPT allows for the motion of hundreds to thousands of individual particles to
be monitored and quantified with high temporal and spatial resolution. In contrast to
methods where ensemble averaged values are measured, SPT allows for enhanced
analysis of heterogeneity in NP diffusion behavior and environment.2
A variety of methods can be used to measure probe diffusion within polymer
systems, both synthetic and biological. An overview of the diffusion coefficient range
accessible by various methods is shown in Figure 2.1. Some methods are better suited for
characterizing NP diffusion in polymer melts, such as Rutherford Backscattering
Spectrometry (RBS). For example, RBS has been used to study spherical 3 and rod4 NP
diffusion within polymer melts. Since contrast comes from differences in atomic number,
the energy profiles of metallic or silica NPs can be easily differentiated from the
predominately carbon backbone of the matrix polymer. Diffusion coefficients can be
determined by fitting these profiles with the solution to Fick’s second law for a finite
source diffusing into a semi-infinite medium.3 While this is a robust technique for
determining diffusion properties of an ensemble of NPs diffusing into a polymer, it is
experimentally limiting due to the need for the sample to be under vacuum during testing.
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RBS can, however, be used to measure the diffusion of deuterated water into polymers,
as has been shown using a vapor leak technique for polyimides.5 Methods such as X-ray
photon correlation spectroscopy (XPCS) and fluctuation or fluorescence correlation
spectroscopy (FCS) can be used to characterize diffusion within polymer melts, solutions,
and networks. XPCS requires a high-brilliance synchrotron radiation source to determine
particle dynamics by changes in speckle intensity using an intensity-intensity
autocorrelation function.6 In melts, XPCS has been used to observe the diffusion of 10
nm quantum dots (QDs) in polystyrene melts, which was 200 times faster than StokesEinstein (SE) diffusion6, and hyperdiffusive dynamics of 10 nm silica NPs in entangled
poly(methyl methacrylate) (PMMA) melts7. Additionally using XPCS, the diffusion of
nanorods in wormlike micelle solutions has been shown to be greater than expected by
SE, where the diffusion coefficient is proportional to macroscopic viscosity, until the
mesh size is one-quarter the length of the nanorod.8 While XPCS can be used to
characterize dynamics in polymer melts, solutions, or networks, data interpretation is
limited to ensemble properties of the diffusing particles. FCS has traditionally been used
to measure the movement of molecules in dilute solutions9, but recently has been used to
characterize NP diffusion in both polymer melts10 and gels11. FCS measures photon
fluctuations that come from probe objects entering and exiting a confined volume as a
temporal autocorrelation function that can be related to dynamic quantities.9 FCS is also
used to characterize diffusion of probe molecules in biological polymer systems, such as
mucus.12 Another technique often used to quantify probe molecule diffusion in mucus13
and other biological polymer systems14 is fluorescence recovery after photobleaching
(FRAP). In a FRAP experiment, a portion of the sample is photobleached, which removes
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the fluorescence in that section, and the return of the fluorescence in the bleached area is
measured as a function of time.13 Thus, this method is limited to measuring the diffusion
of photobleachable probe particles and molecules. A limitation of both FCS and FRAP is
that spatial information about individual particles is not forthcoming from the
autocorrelation functions determined. While each of these methods provides dynamic
information on the diffusing population, distinguishing between distinct populations of
diffusion behavior or determination of non-Gaussian dynamics is limited in comparison
to SPT.
An important consideration of which method to use for a particular study is what
length scales of dynamics are desired to be probed. While the methods discussed above
measure center of mass diffusion, smaller length scales can be probed by other methods,
such as neutron spin echo (NSE) spectroscopy. NSE measures the interactions between
the sample and the beam of neutrons by an intermediate scattering function which is
determined as a function of Fourier time.15 Local motions of probe molecules are
measured, e. g. when the probe only experiences the solvent, not the polymer matrix,
resulting in diffusion coefficients corresponding to fast diffusion processes that occur
before center of mass diffusion.15 Another method which probes small scale motions to
determine diffusion properties is pulsed-gradient spin-echo nuclear magnetic resonance
(PGSE-NMR). PGSE-NMR uses magnetic field gradients to determine particle position
at the beginning and end of an observation time.13 The method has been used to
determine the diffusion of polysorbate into mucus, which showed two populations of
molecules within the sample, a fast and slow population. Despite the large range of
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measurable diffusion coefficients, a significant limiting factor of PGSE-NMR is the need
for the probe to have a spin active nucleus, such as 1H or 19F.13 Additionally, only global
properties can be measured. While these local methods provide detailed information
about the probe diffusion, characterizing mobility of probe molecules over longer length
scales provides more information about entire systems and the presence of heterogeneity.

Figure 2.1: Range of diffusion coefficients measurable with various techniques. SPT is
able to measure diffusion coefficients from less than 0.001 μm2/s up to 10’s of μm2/s.

3, 6,

16, 17

SPT is becoming widely used in the fields of polymer physics, colloid science,
and biological dynamics. In polymer physics, researchers such as those in the Conrad
group at the University of Houston and the Granick group at the University of Illinois at
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Urbana-Champaign, have used SPT to characterize NPs and colloids in polymer solutions
and gels. For example, using SPT the Conrad group found that for 300 to 2000 nm
particles short time diffusion behavior in unentangled semidilute polyelectrolyte solutions
was subdiffusive, whereas the long-time Fickian diffusion was 10 to 30 times faster than
predicted by SE for the submicron size particles.18 The Granick group used SPT of 500
nm particles to determine the pore size distribution within agarose gels, ranging from
0.25 to 3 µm for 0.25 to 0.75 wt% agarose.19 These studies show that SPT can be used to
answer a wide range of dynamic and structural questions; while one study used SPT to
validate theories about NP dynamics, the other used SPT to probe the structure of a
complex polymer gel. SPT has also been able to identify non-Gaussian diffusion that was
still linear with mean squared displacement (MSD) of 280 nm PMMA tracer particles
within a colloidal suspensions containing 2.2 µm PMMA particles. 20 SPT has also
allowed for significant advances in understanding NP and biomolecule dynamics in
biological systems, specifically due to the heterogeneous nature of the systems. 2,21 For
example, the development of and design rules for mucus penetrating particles has been
aided by SPT tracking studies. SPT studies found surface functionalization and size of the
particle were important; namely, polyethylene glycol (PEG) coated particles with a
diameter less than 200 nm were able to diffuse through respiratory mucus, whereas 500
nm PEGylated and 100, 200, and 500 nm carboxylated particles were immobilized.22
Overall, the diverse research areas and studies that use SPT show the method’s ability to
probe a variety of systems and provide answers to both spatial and temporal questions.

29

2.2

General Principles

2.2.1

Method Overview
To perform a SPT experiment, a probe molecule, a method of detection, a high

frame rate camera, and video imaging software are needed. The probe molecule should
be photostable over the experimental time frame and have high brilliance. QDs meet
these requirements and have other beneficial properties such as surface modifiability and
a broad excitation spectrum.21 For QD detection, they must be excited by a laser and
identified with a microscope. The fluorescent emission from the excited QD is collected
using a high frame rate camera. Imaging software is used to control the frame rate,
duration of video collection, and thresholding of the images. Specifics of the data
collection process will be discussed in Section 2.3. More specifics on appropriate
instrumentation and software can be found in reference 2. Once high-quality videos of
hundreds of particle’s motion having strong contrast between particles and background
have been collected, analysis of the videos can begin.
To analyze SPT data, two steps are necessary, segmentation and tracking.1 In the
segmentation step, individual particles are distinguished from background and other
particles in each video frame. In the tracking step, each particle’s position in each frame
is determined and linked together to form a trajectory.1 Several algorithms have been
developed to perform these steps, which require computer programs to extract the data
from the hundreds to thousands of particles in large video files; these will be discussed in
Section 2.2.3. Regardless of the algorithm used, initial information about the time
between frames, scaling of pixels to length unit, approximate size of the particles’
fluorescence, and maximum displacement between frames must be approximately
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known. Once particle trajectories have been identified, computer codes can be used to
determine ensemble and individual diffusion properties of the particles.
2.2.2

Types of Diffusion
The type of diffusion a particle is undergoing is determined by the time

dependence of its MSD. The MSD is given by Equation 2-1, where r is the position, τ is
the delay time, and t is the starting time.2

(2-1)
The delay time corresponds to the time interval between positions being compared, not
the absolute time. The MSD can be related to time by a power law dependence, shown in
Equation 2-2, where Γ is a coefficient, τ is the delay time, and α is the time dependent
exponent.23
MSD = Γ

α

(2-2)

When α is equal to 1, the motion is described as diffusive. This corresponds to the
expected behavior of a random walk or Brownian motion.24 If α is less than 1, the motion
is confined or sub-diffusive; if α is greater than 1, the motion is super-diffusive or
directed or active.2 An example of confined motion would be a particle within a cage.
Active diffusion is sometimes found within biological systems where the living nature of
the system allows for forces in addition to thermal ones to be present.
2.2.3

Particle Segmentation and Tracking Algorithms
Three main tracking algorithms have been developed and used in SPT: cross

correlation of subsequent images, center-of-mass or centroid determination, and Gaussian
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curve fitting to the intensity profile. Cross correlation involves comparing an image to a
subsequent image kernel (convolution matrix) which contains the particles being
tracking.25 The kernel is shifted by pixel increments to determine when it matches the
starting image. Matches correspond to when the image and kernel are the same except for
the shifting of a particle being tracked by a pixel increment.1 The centroid determination
algorithm begins by determining all local maxima in an image, which correspond to
potential particles. The algorithm then identifies the intensity-weighted centroid of each
potential particle, allowing sub-pixel resolution. Potential particles are then accepted or
discarded based on size, circularity, and intensity.2 Gaussian fitting of intensity profiles,
the method employed for all experiments discussed in this thesis, involves feature
detection using a 2D Gaussian distribution, shown in Equation 2-3, where h is the
height, x̂ and ŷ are the center, and σ is the width of the peak, to identify the location of
particles.26

(2-3)
Each identified particle is then linked together based on user specified maximum
velocities and the position of the particle in each frame.26 While each of these methods
accurately determines particle’s positions if data quality is high, Gaussian fitting has been
determined to be the most accurate algorithm when tracking single fluorophores, such as
QDs.1
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2.2.4

Sources of Error
Minimization of error is paramount in collecting and analyzing accurate

quantitative data using SPT. Three main sources of error exist in SPT: drift, dynamic, and
static error.2 Drift error results from flows or motions external to the sample that are
acting on the system being studied. Drift can be minimized by carefully isolating the
sample being studied from external forces, such as performing experiments on an air
table and within a closed chamber. If the problem persists, as indicated by systematic
motion of all particles in the system, algorithms that subtract the drift can be used to
correct the trajectories.2,26 Static and dynamic error are intrinsic to the image fitting
nature of the SPT analysis27 and must be considered at the data collection stage. Static
error results from pixelation noise and the stochastic nature of photon emission from the
probe.2 Using bright particles and a sensitive camera can minimize this error. To
determine the impact of static error on quantitative data extracted from SPT, the MSD of
immobilized particles (such as particles within epoxy) should be calculated. Dynamic
error comes from particle diffusion during the collection of a single image, which spreads
the intensity profile.27 Using short exposure times helps reduce this error, which is
indicated by non-circular fluorescent intensity. Static error adds to the MSD, while
dynamic error decreases the MSD at short times.2 To limit error overall, video images
should be collected at the shortest exposure time to maintain bright, circular particles on a
dark, uniform background.
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2.3

Experimental Procedures

2.3.1

Instrument Set-up
The equipment needed to perform SPT is an inverted microscope with a high

magnification fluorescent objective lens with high numerical aperture, high frame rate
camera, and optical table with appropriate wavelength and alignment of laser. The
instruments used for the SPT performed in this thesis can be seen in Figure 2.2. The left
image shows the placement of the inverted microscope (Nikon), high frame rate camera
(Photometrics Evolve CCD), and the microinjection system (FemtoJet Eppendorf) used
to perform the studies in this thesis. Additionally, the right schematic shows the typical
experimental set up with key laser features labeled. The mirrors, acousto-optic tunable
filter (AOTF), and periscope are used to align the laser and allow for multiple lasers to be
co-aligned. The filter allows for the specific wavelength of the QD excitation to reach the
camera.
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Figure 2.2: Image of the SPT instrument in the Singh Center for Nanotechnology with
key equipment indicated by red arrows and labels (left). Schematic of typical
experimental set-up with key laser and microscope features labeled (right).
2.3.2

Video Collection
Videos were collected using the ND acquisition capability of NIS-Elements AR

software. The file name, path, and time period for each video can be selected within the
ND acquisition window. For consistency, frame rates of 16.9 or 25 frames per second
(fps) were used for video collection. A frame rate of 25 fps is approximately the
maximum frame rate that still yields consistent time steps in videos. This is designated
within the Evolve Settings window, along with the readout speed and multiplier settings.
The multiplier setting amplifies the fluorescence signal for imaging. Laser alignment can
be tuned by the TIRF (total internal reflectance fluorescence) slider for both TIRF and
epifluorescence located on the TI Pad window. The TI Pad window also controls the Z
height and filter settings.
2.3.3

Image Processing
To convert videos into image stacks that can be analyzed by particle tracking

programs, video files (.nd2) must be exported as tagged image format (.tif). This can be
done using NIS-Elements Viewer program by Nikon® and exporting relevant video files
into separate folders. Alternatively, if this procedure needs to be done on a series of
videos, a python script can be used. The python script can be called using an Anaconda
prompt window. Within the window, the script is called by
python “Downloads\run.py” “Driver:/directory containing .nd2 files/”
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This will convert all the .nd2 files in the directory into separate folders containing .tif
images. Using ImageJ (freeware), located on the C drive of the master computer or
downloadable at https://imagej.nih.gov/ij/download.html, the .tif images can be modified
to 8-bit image stacks by opening them as image sequences (File/Import/Image Sequence
then selecting first image) and modifying the sequence to 8-bit (Image/Type/8bit).
Modified image sequences must then be saved as .tif files within new folders labeled
Stack.
2.3.4

Particle Tracking In FIESTA
Particle tracking software, FIESTA26, was used to extract particle tracks from the

fluorescence signature of QDs depicted on image sequences converted from collected
videos. The calibration of the objective was 110 nm per pixel at a magnification of 150X
or 160 nm per pixel at 100X. Each image is separated by the inverse of the fps collected
during the video, for example 25 fps corresponds to a separation of 40 ms. Though the
size of the QD cores are much smaller, the fluorescence signatures of the QDs are much
larger than one pixel, approximately 1 µm. The FIESTA program applies a Gaussian fit
to the fluorescence to determine the center of the fluorescence with nm precision. Within
the FIESTA program, particles diffusing randomly can be tracked by selecting 100%
weighting by position for connecting of molecule within the tracking options and setting
the maximum angle to 180˚. Maximum pixel size for a particle was set at 70 pixels,
however the full width half max of the fluorescence was initialized at 900 nm
(approximately 8 pixels) and the fluorescent intensity was allowed to be variable. Max
velocity was set between 20 and 15 μm/s to preclude connecting multiple particles. The
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minimum number of frames was set between 6 and 10 and the maximum break was set at
4 frames to allow for blinking. These values were found by analyzing a single video at a
range of values for maximum break (2, 4, 6, 8) and max velocity (10, 15, 20 μm/s) to
confirm only desired particles were tracked. Drift was evaluated using immobilized QDs
and found to be on the order of error in positioning, and thus was not explicitly corrected
for within FIESTA.
2.3.5

MATLAB Codes

2.3.5.1 Files and Downloads
All codes and programs developed for SPT analysis can be found in the directory
G:/Users/Matlab for SPT. Basic functions were adopted from msdanalyzer.23 A tutorial
on these functions can be found at https://tinevez.github.io/msdanalyzer/. This is also the
location from which the files can be downloaded again if they become corrupted. The
following sections will describe important scripts, functions, and variables used to do
SPT analysis. Selected codes can be found in their entirety in the Appendix.
2.3.5.2 autoExtractResults
This script extracts particle trajectories from the Results matrix of the Molecules structure
from the .mat files FIESTA creates for analyzed videos, placing them into a new cell
array called tracks. Particle trajectories are separated when they meet specific criteria
regarding error in positioning, maximum separation between positions in consecutive
images, and minimum amount of displacement from their starting point into a matrix.
Additionally, particle trajectories that do not meet minimum displacement requirements
are separately collected into a matrix. Each particle trajectory that does not meet a criteria
is identified within the status matrix along with indicator of which criteria was not met.
INPUTS:
Molecule- 1 by number of molecules structure with trajectory data in each
Molecule(i).Results
tracks- number of tracks by 1 cell array with trajectory data in each cell. Use {} if no
initial tracks file.
maxErrTol- If the mean of any error column is greater than maxErrTol then particle is
removed. Generally this value is 25 nm.
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maxJumpTol- If the max distance at any step for a given particle is greater than
maxJumpTol, the particle is removed. Generally this value is between 1000 and 2000 nm
depending on speed of particles.
minDispTol - If the farthest distance from that center of mass of any particle's trajectory
is lower than minDispTol, the particle is removed. This criteria need only be used to
separate out particles if distinct populations of particles are identified.
OUTPUTS:
tracks - the tracks cell array passed in with new trajectories added
imtracks- the cell array containing trajectory data on particles that did not meet
minDispTol
status – number molecules x 2 matrix where each row i corresponds to Molecule(i).
Column 1 is status: 0 = accepted, 1 = rejected by maxErrTol violation, 2 = rejected by
maxJumpTol violation, 3 = rejected by minDispTol violation. Column 2 is the value that
violated its respective tolerance violation, or 0 if accepted.
2.3.5.3 Zerotraj
This program initializes particle trajectories at the origin (0,0). It is called in line 82 of
autoExtractResults script.
INPUTS:
x- tracks cell array with three columns
OUTPUTS:
temp- tracks cell array with three columns where trajectories all start at the origin.
2.3.5.4 sample_script
This script is the sister to autoExtractResults. It allows for modifiable parameters to be
changed quickly within the script and then runs autoExtractResults to obtain pertinent
trajectories.
2.3.5.5 beginningMSD
This script contains codes from the msdanalyzer MATLAB download to plot particle
trajectories and MSDs in a variety of ways. A diffusion coefficient is also returned with a
95% confidence interval from the mean MSD of the weighted ensemble. Below each subscript will be described as well as inputs, outputs, and modifiable parameters.
SUB-SCRIPTS:
addAll.m
This script adds the tracks cell array into the msdanalyzer.
plottracks.m
This script plots the trajectories of particles contained within the tracks cell array in xy
space for 2 or 3 dimensional trajectories. Modifications can be made to the font, size, and
axis set points following this sub-script within beginingMSD.
computeMSD.m
This script computes the MSD for each particle trajectory within the tracks cell array.
plotMSD.m
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This script plots the MSD curves for each particle within the tracks cell array and can
only be called after computeMSD.m has already been performed. Modifications can be
made to the font, size, and axis set points following this sub-script within beginningMSD.
plotMeanMSD.m
This script plots the weighted mean of the ensemble of the particle MSDs, along with
weighted error bars if ‘true’. This script calls getMeanMSD.m to compute the weighted
MSD values.
getMeanMSD.m
This script computes the weighted MSD values and returns the results in an array with
columns of delay time, the weighted mean at that delay time, the standard deviation, and
the number of data points in the mean.
fitMeanMSD.m
This script fits the weighted ensemble MSD with the equation MSD = Dt. It outputs a
diffusion coefficient and 95% confidence interval, but is only valid for diffusive
behavior. It can be used to only fit a portion of the data. This is by default 25%, but can
be modified to any value. Within beginningMSD, the clip factor has been set to the
variable ‘a’ which is normally 1-2 seconds depending on quality of the data.
Modifications can be made to the font, size, and axis set points following this sub-script
within beginningMSD.
INPUTS:
msdanalyzer- indicate the dimension, usually 2, space units, usually ‘nm’, and time units,
usually ‘s’
tracks- cell array containing trajectory information in three columns, time, x and y
position
OUTPUTS:
ma.msd- Cell array containing MSD information for each particle with size n x 4 where
the columns correspond to the delay for the MSD, the mean MSD value for the specified
delay, the standard deviation, and N, the number of points in the average.
mmsd- weighted MSD in an array with columns of delay time, the weighted mean at that
delay time, the standard deviation, and the number of data points in the mean
[fo, gof]- fit object and goodness of fit for the diffusion coefficient determined by
fitMeanMSD script.
PLOTS:
1- Spatial plot of trajectories
2- MSD of all trajectories plotted in log-log space
3- MSD of all trajectories plotted linearly
4- Weighted ensemble averaged MSD with weighted standard error and best fit line
5- Ensemble averaged MSD
2.3.5.6 coloredloglogMSDandtracks
This script is a sister script to beginningMSD which generates the tracks graph and loglog MSD graph with color coding indicating higher initial MSD values by heat map.
INPUT:
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tracks- cell array containing trajectory information on particles
OUTPUT:
firstMSD- gathers into a matrix the first MSD value of all trajectories
spatial- particle trajectories
temporal- MSD curves
PLOTS:
1- Spatial plot of trajectories with color coding indicating higher initial MSD values
by heat map.
2- MSD of all trajectories plotted in log-log space with color coding indicating higher
initial MSD values by heat map.
2.3.5.7 Alphascript
This code fits each individual trajectory’s MSD curve with a power law fit, MSD = Γtα,
given that a specified goodness of fit is met, and returns a histogram of the values of
alpha, α, which indicates the time dependence of the MSD.
SUB-SCRIPT:
fitloglogMSD.m- this script fits each individual trajectory’s MSD curve with a power law
fit, MSD = Γtα, given that a goodness of fit, usually around 0.75 is met. Additionally, a
clip factor is used to specify the time or length over which the MSD curves should be fit,
usually 80% of the curve or less.
INPUTS:
msdanalyzer- indicate the dimension, usually 2, space units, usually ‘nm’, and time units,
usually ‘s’
tracks- cell array containing trajectory information in three columns, time, x and y
position
R2LIMIT- this specifies the goodness of fit limit to be used to discard MSD curves with
poor fits
OUTPUTS:
Loglogfit- Structure containing three fields
alphas- matrix containing time dependence of all MSD curves
gammas- matrix containing y-intercept of all MSD curves
r2fits- matrix containing goodness of fit for all MSD curves
Dmean and Dstd are outputs usually not considered for analysis. They are the diffusion
coefficient and standard deviation determined from the gamma values, but this is not as
robust a measure as ensemble determined diffusion coefficients.
PLOT:
Histogram of α with average value indicated
2.3.5.8 MSDdisp
This script returns a histogram of all MSD values at a specific delay time.
INPUT:
msdanalyzer- indicate the dimension, usually 2, space units, usually ‘nm’, and time units,
usually ‘s’
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tracks- cell array containing trajectory information in three columns, time, x and y
position
tau- delay time of interest, must be a multiple of the frame rate
frame- frame rate of the video
OUTPUT:
meanvalue- mean value of the MSD distribution at the specified delay time
mvinmicrons- the mean value of the MSD distribution at the specified delay time in
microns
PLOT:
Histogram of the MSD values at the specified delay time
2.3.5.9 DisplacementsinXandY
This script creates matrices containing the x and y steps between positions on a particles’
trajectory at specified delay times, up to three for each time the script is run.
INPUTS:
tracks- cell array containing trajectory information in three columns, time, x and y
position
time1- first time of interest
time2- second time of interest
time 3- third time of interest
OUPUTS:
jumpsx/ jumpsy- displacements in x and y, respectively, at time1
jumps2x/ jumps2y- displacements in x and y, respectively, at time2
jumps3x/ jumps3y- displacements in x and y, respectively, at time3
Housekeeping outputs- counts, currJumpsx, currJumpsy, currJumps2x, currJumps2y,
currJumps3x, currJumps3y, nmol, xstep1, xstep2, xstep3, ystep1, ystep2, ystep3
2.3.5.10
Gaussianqqplots
This script creates histograms of the displacements in x and y at specified time delays.
You must run displacmentsinXandY first. The number of bins can be changed to best
display data.
INPUTS:
jumpsx/ jumpsy- cell array containing displacements in x and y, respectively, at time1
jumps2x/ jumps2y- cell array containing displacements in x and y, respectively, at time2
jumps3x/ jumps3y- cell array containing displacements in x and y, respectively, at time3
OUTPUTS:
allsteps1- matrix containing all the displacements in x and y together at time1
allsteps2- matrix containing all the displacements in x and y together at time2
allsteps3- matrix containing all the displacements in x and y together at time3
ls_rsq1- r2 fit of data to Gaussian for jumps at time1
ls_rsq2- r2 fit of data to Gaussian for jumps at time2
ls_rsq3- r2 fit of data to Gaussian for jumps at time3
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Housekeeping outputs- lscoef1, lscoef2, lscoef3, lsresid1, lsresid2, lsresid3, SSlsresid1,
SSlsresid2, SSlsresid3, SStot1, SStot2, SStot3, x1, x2, x3, X1, X2, X3, xdim1, xdim2,
xdim3, y1, y2, y3, Y1, Y2, Y3, yhat1, yhat2, yhat3
PLOTS:
Histograms of the displacement distributions
QQPlots of each displacement matrix
2.3.5.11
vanHovedistributions
This script normalizes the histograms created in Gaussianqqplots by the area under their
curves using the trapezoid rule. The number of bins can be changed. You must run
displacmentsinXandY and Gaussianqqplots first.
INPUTS:
allsteps1- matrix containing all the displacements in x and y together at time1
allsteps2- matrix containing all the displacements in x and y together at time2
allsteps3- matrix containing all the displacements in x and y together at time3
PLOT:
Stem-and-leaf plot of normalized displacement data
2.3.5.12

nongaussianparameter

This script calculates the non-Gaussian parameter, given by
specified time points. You must run displacmentsinXandY and Gaussianqqplots first.
INPUTS:
allsteps1- matrix containing all the displacements in x and y together at time1
allsteps2- matrix containing all the displacements in x and y together at time2
allsteps3- matrix containing all the displacements in x and y together at time3
OUTPUTS:
Ng1- non-Gaussian parameter at time1
Ng2- non-Gaussian parameter at time2
Ng3- non-Gaussian parameter at time3
2.3.6

at

Additional Analysis Using QTIPLOT

2.3.6.1 Characteristic Lengths
The tails of the van Hove distributions can be fit with an exponential, Equation
2-4, to determine the characteristic length at specified time for each data set if the
distributions are non-Gaussian and exponential fitting is appropriate.
y=A*exp(-x/t)
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(2-4)

The fitting is performed using the Fit Wizard window in QTIPLOT and can be found
under the category ‘User Defined’, function ‘expfit’. Both positive and negative sides of
the van Hove distributions were incorporated into the fit by taking the absolute value of
all negative displacements.
2.3.6.2 Diffusion Coefficient Fitting
When the ensemble weighted average is not the best measure of the central
tendency of the data, such as with log normally distributed data, the diffusion coefficient
can be determined from other ensemble measures of the MSD curve, for example the
geometric mean. Once the ensemble MSD curve has been determined, the diffusion
coefficient can be extracted by using Error! Reference source not found.Equation 2-5,
MSD =2d D t

(2-5)

where d is the dimensionality of the trajectories, D is the diffusion coefficient, and t is
time. This equation is valid for diffusive particles only. Fitting can be performed using
the Fit Wizard window in QTIPLOT and can be found under the category ‘User
Defined’, function ‘difcos’. The equation should be modified to the appropriate
dimensionality.
2.4

Summary
SPT is a robust method for determining the mobility of fluorescently labeled

particles within a variety of polymeric materials. While other methods, such as FCS and
FRAP, can also be used to obtain ensemble center of mass dynamics, SPT further allows
for heterogeneities in particle motions to be systematically and quantitatively analyzed.
Quality data collection and computationally powerful algorithms are required to
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accurately extract quantitative parameters from SPT experiments, due to the large number
of particles’ trajectories needed for statistical significants and intrinsic sources of error.
This chapter has highlighted key factors to consider prior to beginning SPT experiments
and delineated the analytical steps necessary to take SPT data from collected videos to
meaningful quantitative measures, such as MSD, diffusion coefficient, and non-Gaussian
parameter. With these tools, a wide variety of dynamic and structural questions related to
particles and polymers can be answered.
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3.1

Summary
Nanoparticle (NP) diffusion was measured in polyacrylamide gels (PAGs) with

mesh sizes comparable to the NP size, 21 nm. The confinement ratio (CR), NP
diameter/mesh size, increased from 0.4 to 3.8 by increasing crosslinker density and from
0.4 to 2.1 by adding acetone, which collapsed the PAGs. In all gels, NPs either became
localized, moving less than 200 nm, diffused microns, or exhibited a combination of
these behaviors, as measured by single particle tracking. Mean squared displacements
(MSD) of mobile NPs decreased as CR increased. In collapsed gels, the localized NP
population increased and MSD of mobile NPs decreased compared to crosslinked PAGs.
For all CRs, van Hove distributions exhibited non-Gaussian displacements, consistent
with intermittent localization of NPs. The non-Gaussian parameter increased from a
maximum of 1.5 for crosslinked PAG to 5 for collapsed PAG, consistent with greater
network heterogeneity in these gels. Diffusion coefficients decreased exponentially as CR
increased for crosslinked gels; however in collapsed gels the diffusion coefficients
decreased more strongly, which was attributed to network heterogeneity. Collapsing the
gel resulted in an increasingly tortuous pathway for NPs, slowing diffusion at a given CR.
Understanding how gel structure affects NP mobility will allow the design and enhanced
performance of gels that separate and release molecules in membranes and drug delivery
platforms.
3.2

Introduction
Polymer gels, crosslinked chains swollen by water or organic solvents, are of

fundamental and practical interest.1,2 By incorporating nanoparticles (NPs) into polymer
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gels, material’s properties and function, such as high swelling, flexibility, and light
weight, can be improved and/or added while maintaining attractive gel qualities. For
example, NPs have been incorporated into gels to increase mechanical properties without
significant reduction in swelling capacity3, allow controlled release of drugs4, and
enhanced

filtration

capabilities5.

Additionally,

understanding

the

environment

experienced by drugs, viruses, and gene vectors within synthetic and biological polymer
networks can be advanced by characterizing NP movement within these systems, which
could improve the efficacy of drug delivery.6,7,8,9,10 These applications and others11,12
would benefit from a fundamental understanding of how polymer gel characteristics, such
as network structure and confinement, affect NP diffusion.
In addition to recent growing interest in polymer diffusion within complex
polymer media,

13

NP diffusion in polymer solutions and melts, particularly when the

probe and matrix have similar characteristic length scales, has received significant
interest by theorists and experimentalists. Cai and Rubinstein

14

developed a scaling

theory to describe the mean-squared displacement (MSD) of NPs in polymer solutions by
comparing the NP size to the correlation length in polymer solutions or the tube diameter,
dt, in polymer melts. When the NP is smaller than the correlation length, the MSD scales
as t1 at all times; however, if the NP is larger than the correlation length and smaller than
dt, the particle’s movement is subdiffusive at short time scales, ∝ t1/2, and diffusive, ∝ t1,
at longer times. If the particle is larger than dt, its movement will become diffusive at
times longer than the reptation time of the polymer chains in solution. This cross-over in
dynamics from subdiffusive to diffusive has been observed in polyelectrolyte solutions
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for particles with diameters from hundreds of nm to µm.

15, 16

Brochard-Wyart and de

Gennes 17 developed the initial scaling model to describe the diffusion of a single NP in a
polymer melt. For a NP diameter smaller than dt, particles experience only the local
viscosity characterized by a section of the polymer chain similar to the particle size, as
opposed to the macroscopic viscosity of the polymer. As NP size increases, this scaling
theory predicts a sharp change in behavior from dynamics dictated by local to
macroscopic viscosity when the NP diameter is equal to dt. Recent theoretical work has
expanded these scaling approaches.18,19 Using a self-consistent, generalized Langevin
equation theory to describe NPs in polymer melts, Schweizer and Yamamoto predicted a
recovery of Stokes-Einstein (SE) behavior, where NPs experience the macroscopic
viscosity when NP diameter, 2R, is 10 times larger than dt.18 Gold NP diffusion in an
entangled polymer melt with confinement ratios, 2R/dt, from 1 to 4, was 10 times faster
than the SE prediction.20 While this study did not recover SE behavior, the authors state
that their results predict complete coupling of NP motion to polymer entanglement
relaxation at 2R/dt values between 7 and 10. 20 Diffusion studies of silica NPs in a poly(2vinylpyridine) matrix found that SE diffusion was recovered for 2R/dt ≥ 5. 21
Dynamic theoretical models that describe NP mobility in both crosslinked
polymer networks and entangled polymer melts19, 22 focused on the localized constraints
placed on NPs when NP size is comparable to the confining mesh diameter. In Schweizer
and Dell’s theory of localization and activated hopping of NPs,

19

regimes of polymer

behavior were observed with respect to a critical confinement ratio, (2R/dt)c ~ 1, which
defines the condition for NPs to become confined by the entanglement or gel network. In
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systems with confinement ratios below the critical value, NP are not trapped by the
entanglement network. For crosslinked systems with larger confinement ratios, activated
hopping is the only mechanism of motion available to a particle after becoming localized.
For polymer melt systems in this regime, however, two mechanisms of NP motion exist:
activated hopping and passive motion linked to polymer constraint release. The relative
dominance of these two mechanisms was determined by comparing the time scale
associated with hopping, related to the free energy barrier height determined by relative
confinement, to the time scale of polymer reptation, related to the degree of
polymerization, length of the entanglement strand, and friction coefficient of the polymer.
From this comparison, hopping was determined to be the primary mode of transport only
when both the system is highly entangled and 2R/dt is approximately 1 to 1.8. Using
molecular dynamics simulations of weakly interacting NP-polymer melt systems that
were weakly entangled, Kumar et al. found that constraint release from fluctuations in the
entanglement mesh was the dominant mode of NP transport.23 Rubinstein and Cai’s
model for hopping diffusion of NPs22 also predicts coupling between NP and polymer
dynamics, though with quantitative differences in the hopping step size and the hopping
energy barrier. In this model, confinement can come from chemical crosslinking and
physical entanglements, though the model predicts that the chemical crosslinks impact
NP diffusion within gels more than physical entanglements.22 While these models and
theories propose various mechanisms for NP diffusion, they agree that the main factor
determining NP diffusion in polymer systems is the relative confinement defined by the
ratio of the NP size to the mesh or dt. As described in the results section, confinement
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alone was unable to completely capture the slowing of NP diffusion in crosslinked and
collapsed gels in this study.
Models for describing solute diffusion in hydrogels have also been developed.
These models attribute slower solute diffusion to a decrease in available space, an
increase in the hydrodynamic drag on the solute, or an increase in the diffusion pathway
caused by polymer chain obstacles. 24 In polymer solutions and gels, the diffusion of a
variety of probes, from linear macromolecules to spherical particles, have been described
by a hydrodynamic model where diffusion coefficients were dependent on polymer
concentration through a stretched exponential.

25, 26

While these models hold particular

relevance for biological polymer networks, such as mucus and the extracellular matrix
(ECM), factors such as chemical interactions and heterogeneity add complexity that is
not included in the models. For example, Schuster et al.

6

showed that polyethylene

glycol (PEG) coated particles with a diameter less than 200 nm were able to diffuse
through respiratory mucus, whereas 500 nm PEGylated and 100, 200, and 500 nm
carboxylated particles were immobilized, clearly showing that NP-polymer interactions
can affect NP diffusion in biological polymer networks.
NP diffusion in biological systems can provide insight into the structural and
chemical nature of networks. 6, 8,9 NPs have also been used to probe the organization of
biopolymer networks, such as the ECM, where particle diffusion decreased as collagen
concentration increased (i.e., increasing confinement).10 The motion of probes in
hydrated and biological media can be measured by various methods including
fluorescence

recovery

after

photobleaching
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(FRAP),

fluorescence

correlation

spectroscopy (FCS), and single particle tracking (SPT). Because confinement and
hopping of NPs occur on sub-diffraction length scales, the resolution of the method must
be in the nanometer range. SPT is one of the few methods with sufficient resolution to
resolve hopping and distinguish between populations of NP mobility. Although FRAP
and FCS are robust techniques for determining ensemble diffusion, SPT allows for
distinct mechanisms of diffusion to be identified within an ensemble by tracking single
molecules or particles.7 This is increasingly important as the assumption of Gaussian
diffusion, often evoked to quantify FRAP and FCS data, becomes questionable for
complex fluids and systems with heterogeneous structures such as gels, ECM, and
mucus.27
Polyacrylamide gels (PAGs) are hydrophilic polymer networks found in
applications from gel electrophoresis to soft contact lenses. Previous studies of particle
dynamics in PAGs have mainly used micron sized colloidal particles to investigate gel
properties such as dynamics (i.e. microrheology) and heterogeneity. 25, 28, 29, 30 Network
structure heterogeneity resulting from crosslinking is common to many gels;31
heterogeneity that evolves during crosslinking of PAG has been studied by small angle
neutron scattering (SANS) and small angle light scattering.32 Only recently have studies
of NP diffusion in PAGs been published. 25, 29 Dynamic light scattering (DLS) was used
to characterize the diffusion of silica NPs during PAG crosslinking. 25 In this study, NPs
became attached to the PAG network, which impacted diffusion. While this study did not
follow single particle trajectories, the analysis assumed Gaussian displacements, which
may not be accurate for crosslinked gels. 25 Another study used the motion of quantum
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dots with a hydrodynamic radius of 10 nm in PAGs to calculate a trapping site size of
about 120 nm for the range of crosslinker concentrations from 0.3 to 1.5 mole percent.29
While this study followed individual NPs and applied a random trapping model, the
average mesh size, and thus confinement ratio, as a function of crosslinker concentration
was not determined.
While prior studies provide insight, the diffusion of NPs moving through a
network is not completely understood in part because systematic experimental studies are
lacking, particularly those that investigate systems where the mesh and NP are of
comparable size. This study analyzes NP diffusion in PAGs where the mesh size was
reduced from larger than to smaller than the NP size (21 nm). The confinement ratio
(CR), defined as the NP hydrodynamic diameter relative to the network mesh size, is a
parameter that captures probe size and average matrix confinement size. The mesh size of
PAGs was reduced by increasing crosslinking density or collapsing the gel network by
adding a poor solvent

33

at fixed crosslinking resulting in CRs from 0.4 to 3.8 and 0.4 to

2.1, respectively. For both confinement types, NP motion was confined (localized) to
regions smaller than 200 nm, mobile with displacements on order of microns, or a
combination of these termed “intermittent localization”. Mean squared displacements
(MSD) of mobile NPs decreased as CR increased. In collapsed gels, the localized NP
population increased and MSD of mobile NPs decreased in comparison to crosslinked
PAGs. For all CRs, van Hove distributions exhibited non-Gaussian displacements,
indicating intermittent localization of NPs. The non-Gaussian parameter increased from a
maximum of 1.5 for crosslinked PAGs to 5 for collapsed PAGs, consistent with greater
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network heterogeneity in collapsed gels. The diffusion coefficients for both confinement
types decreased an order of magnitude when the CR became greater than 1. Diffusion
coefficients decreased exponentially as CR increased for crosslinked gels, but in
collapsed gels, diffusion coefficients decreased more strongly, suggesting that the CR
alone was insufficient to capture diffusion in these gels. Collapsing the gel resulted in an
increasingly tortuous pathway for NPs, slowing diffusion at a given CR. Elucidating gel
characteristics that impact NP mobility, such as structural heterogeneity, will allow for
more efficient filtration and drug delivery technologies.
3.3

Methods and Materials

3.3.1

Materials
CdSe core, ZnS shell QDs, Qdot 655 ITK Amino-PEG QDs were purchased from

Invitrogen. Polyacrylamide and bisacrylamide were purchased in aqueous solutions from
Sigma

Aldrich.

N,N,N′,N′-Tetramethylethylenediamine

(TEMED),

ammonium

persulfate, 3-aminopropyltriethoxysilane (APTES), and glutaraldehyde were also
purchased from Sigma.
3.3.2

Substrate Preparation
Piranha (7v/3v sulfuric acid to hydrogen peroxide) cleaned glass slides and

coverslips were placed in separate nitrogen purged containers. The container with glass
slides was exposed to 1 mL of dichlorodimethylsilane for at least 45 minutes to make the
glass slides a hydrophobic, non-adherent surface. The container of coverslips was
exposed to 1 mL APTES in an oven at 70˚C for 6 hours. Coverslips were subsequently
incubated in 0.5% (v/v) glutaraldehyde in water.
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3.3.3

Polyacrylamide Gel Synthesis
Solutions of acrylamide (71 g/mol) and bisacrylamide (154 g/mol) were prepared

in water at 3/.06, 5/0.03, 4/0.1, 5/0.15, and 5/0.3 w/v % acrylamide/bisacrylamide.34 To
each of these solutions, ammonium persulfate (10 µL at 10 w/v % per mL of solution)
and TEMED (1 µL per mL of solution) were added to initiate crosslinking. Immediately
following, 25 µL of each gel solution was pipetted onto a glass slide and a coverslip was
placed on top. The gel solution completely wet the area of the coverslip, resulting in
approximately 20-40 µm thick gels. After gelation, samples were swollen in DI water for
at least 36 hours before incubation with NPs to allow excess monomer to leach out. Gels
with varied crosslinker concentration were then partially dried and NPs in water were
added topically at a concentration of 0.4-0.8 nM to fully rehydrate. The partial drying
prior to rehydration with NPs in water created a stronger driving force for the NPs to
enter into the gels than simply adding them to fully swollen gels. Samples of 3/.06 w/v %
acrylamide/bisacrylamide were prepared in water then exposed to 0, 5, 10, 20, and 40
vol. % acetone containing concentrations of 0.4-0.8 nM quantum dots to volumetrically
collapse the gel network. Experiments were performed 12-36 hours after incubation, once
NPs were distributed equally throughout the gel. As the concentration of TEMED was
low, time before experiments short, and pH of the DI water maintained around 5.5-7.5,
the gels maintained a non-hydrolyzed, neutral state.32 Samples for rheometry were
prepared as discs with diameters of 25 µm and allowed to swell for 36 hours before
testing.
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3.3.4

Polyacrylamide Gel Characterization
Thermogravimetric analysis, TGA, was performed on a TA Instruments Q600

SDT. Rheometry was performed on a TA Instruments RFS using a parallel plate
geometry. The gels were maintained within the elastic regime as determined prior to the
frequency test (0.5-2% strain, 100Hz to .01Hz) by a strain dependent test at 1 Hz.
3.3.5

Single Particle Tracking and Analysis
SPT experiments were performed on an inverted Nikon Eclipse Ti optical

microscope using an oil immersion Nikon ×100, 1.49 NA objective. Quantum dots (QDs)
NPs were excited with a 532 nm laser. Blinking served as an indication that QDs
observed were not aggregates, which was confirmed by SEM imaging. The exposure time
was set to 40 ms (~25 fps) in an effort to minimize static and dynamic error. Each video
was collected for 30 seconds using a CCD camera (Cascade-512B, Photometrics). Post
processing of SPT trajectories was performed using a MATLAB based program, FIESTA
(Fluorescence Image Evaluation Software for Tracking and Analysis), which was
developed to track QDs attached to molecular motors walking along filaments.35 Twodimensional Gaussian fits of fluorescent intensity were used to determine particle
location with subpixel accuracy that had a resolution on the order of the NP size, 20 nm.
Drift was evaluated using immobilized QDs and found to be less than the positioning
error. Particle tracks with a positioning error greater than 25 nm were excluded from
analysis. The full width half max of the fluorescence was initialized at 900 nm,
approximately 8 pixels. The minimum number of frames was set to 6 and the max break
to 4 frames. A jump tolerance between individual frames of 2000 nm was added to
exclude connecting adjacent particles. Particles were separated based on distance traveled
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and diffusion behavior. NPs moving less than 200 nm from the center-of-mass of their
trajectory (localized), were separated from those moving more than 200 nm (mobile).
Mean squared displacement (MSD) for each particle was determined using the MATLAB
program, msdanalyzer.36 Particle trajectories were fit to Equation 3-1.

(3-1)
Only MSD curves that were well fit by a power law equation, R2 > 0.7, and had an alpha
of 0.75 to 1.25 were used to determine diffusion coefficients. MSD is the expectation
value for the distance traveled by a particle in a given amount of time, given by Equation
3-2 where τ is the time between positions, r.

(3-2)
It should be noted that this equation results in more positions being averaged for short
time separations between r(t+τ) and r(t) than when the longest time separation is
approached. Since longer times of the average MSD contain less data than shorter times
and long-time data can be skewed by slower moving particles, shorter time data has more
statistical significance, and as a result data was typically compared at times of 1s or less.
For all crosslinking conditions, between 1000 and 3000 mobile particle trajectories were
collected. For all acetone systems, particles trajectories were collected until mobile
particles exceeded 600. MATLAB msdanalyzer as well as personal scripts were used for
plotting.
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3.4

Results and Discussion
This study analyzes PEG functionalized NP mobility in PAGs as a function of

network confinement. The network size was reduced by (1) increasing the crosslinking
density, and (2) adding a poor solvent, acetone, to collapse the gel as described in Section
3.4.1. Our previous work has shown that polymer diffusion through a polymer
nanocomposite (PNC) collapses on a master curve when plotted against the single
confinement parameter of interparticle spacing between NPs relative to the polymer
size.37, 38, 39 The reduction of the normalized diffusion coefficient was observed for hard
particles, soft particles, and particles that have weak or moderate interactions with matrix
polymer.37, 37, 38, 39 While NP spacing defined confinement in PNCs, confinement in gels
is imposed by the network or mesh through which particles diffuse. One objective of this
study was to determine if a single confinement ratio (CR) can describe NP diffusion in
the crosslinked and collapsed gels. Section 3.4.1 describes SPT trajectories and the
corresponding mean square displacements (MSD) in PAGs as a function of increasing
crosslinking density (3.4.2.1) and increasing poor solvent concentration (3.4.2.2). In
Section 3.4.3, the NP displacements are presented as van Hove distributions, which show
deviations from Gaussian distributions. Finally, in Section 3.4.4, diffusion coefficients
of mobile NPs are plotted versus CR to determine if this simple parameter captures NP
diffusion similar to polymer diffusion in PNCs. In contrast to the NPs in the PNC,
network heterogeneity in gels appears to play a significant role with increasing
heterogeneity resulting in slower NP diffusion at fixed CR.
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3.4.1

Confinement Ratio for NP Diffusion in PAGs

The average CR is the ratio of the hydrodynamic size of the NP relative to the
average mesh size, CR= 2R/ξ. The mesh sizes were reduced by increasing the
bisacrylamide crosslinker concentration from 0.06 to 0.3 w/v. Based on our previous
studies, these acrylamide and bisacrylamide concentrations were selected to produce
mesh sizes above and below 2R.40 For PAGs prepared by simultaneous copolymerization
and crosslinking in solution, the average mesh size can be determined by scaling models.1
This model assumes that segments between crosslinks behave as a freely rotating chain
modified by the Flory characteristic ratio, Cn, which is 8.5 for PAGs in water.41 The mesh
size, ξ, is given by,

(3-3)
where φ is the polymer volume fraction at equilibrium swelling and

is the end to

end distance between crosslinks for a carbon-carbon backbone chain,42

(3-4).
Mr is the molecular weight of a repeat unit, Mc is the molecular weight between
crosslinks, and l is the carbon-carbon bond length, 1.54 Å. Using rubber elastic theory,
Mc can be related to the zero frequency shear modulus, G’(0),1, 43

(3-5).
Using dry polymer density, ρ, the universal gas constant, R, and temperature, T = 295 K,
the mesh size given by
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(3-6)
can be determined from φ and G’(0) measured by TGA and rheometry (Section 3.6.2),
respectively. For each combination of acrylamide and bisacrylamide preparation
concentration, Table 3-1 lists average G’(0), polymer volume fraction at equilibrium
swelling, average mesh size, and the CR. The hydrodynamic diameter (2R = 20.8 nm) of
PEG grafted quantum dots was determined in water/glycerol solutions using the StokesEinstein relation and published viscosities (Section 3.6.1). All numbers represent the
average of at least three samples. As crosslinker concentration increased, the mesh size
decreased from about 50 to 5 nm and correspondingly the CRs increase from 0.4 to 3.8.
Table 3-1: Average mesh size and confinement ratios of PAGS as a function of
crosslinker concentration.
BisVolume
G'(0)
Average Mesh Confinement
acrylamide
Fractionii,
(Pa)
Sizeiii, ξ(nm)
Ratioiv, 2R/ξ
concentrationi
φ
3
0.06
37
0.008
47±7
0.4
5
0.03
148
0.021
21±2
1.0
4
0.10
369
0.030
13±3
1.6
5
0.15
447
0.034
11±2
1.8
5
0.30
1736
0.049
5.4 ±2
3.8
i
ii
Concentration at preparation Total polymer volume fraction at equilibrium swelling iii
Error from at least three measurements iv NP hydrodynamic diameter 20.8 nm
Acrylamide
concentrationi

For the least confining PAG, CR = 0.4, the mesh size was also reduced by
adding acetone after synthesis which collapsed the gel, resulting in a continuous volume
phase transition, VPT.33, 44 For the DI water (pH ~6) in this study, PAGs were in a fully
swollen state.45 While hydrolyzed PAGs exhibit a discontinuous VPT, the gels in this
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study exhibited a continuous decrease in the swelling ratio, Q, as acetone concentration
increased, consistent with neutral PAGs.33 Table 3-2 gives the values of Q, the volume of
the gel at equilibrium swelling divided by the volume immediately after crosslinking.
Table 3-2 also includes the average mesh size and CR. While the chemical crosslinks
remain separated by the same number of monomers, the effective mesh size of the PAGs
were changed as acetone was added to collapse the gels. Namely, the network collapses
between crosslinks that are chemically fixed, making the free space between crosslinked
points decrease and increasing the polymer volume fraction, decreasing Q. Using
Equation 3-7,46 mesh sizes were calculated.

(3-7)
While this scaling is for good solvent conditions,47 we have chosen to use it to
systematically scale the effective mesh sizes despite changing solvation conditions as it
appropriately corresponds to the changes we observe in NP mobility described in the
following sections. Similar to the effect of increasing crosslinker content (Table 3-1), the
CRs of collapsed PAGs span the less (CR < 1) to highly confined (CR > 1) regimes.
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Table 3-2: Swelling ratio, average mesh size, and confinement ratios of acetone
collapsed PAGs.
Acetone
Swelling
Average Mesh
Confinement
Volume
Ratioi, Q
Sizeii, ξ(nm)
Ratioiii, 2R/ξ
Percent
0
2.6±0.4
47±7
0.40
5
1.7±0.08
35
0.60
10
1.6±0.4
32
0.65
20
1.5±0.02
31
0.70
40
0.3±0.03
10
2.10
i
Error from three measurements ii Error from rheometry iii NP hydrodynamic diameter
20.8 nm
The average mesh size of a gel is a single value that is meant to capture the nanoscale
network structure, although a distribution of mesh sizes is typical. Since one goal of this
study was to relate NP diffusion to confinement imposed by the gel, this average mesh
size gives a quantitative description of the “mean field” mesh. However, a single length
scale does not capture the heterogeneity of the network. Published data show that the
PAGs mesh size depends on the concentration of polymer and measurement technique.
From

static

light

scattering,

the

mesh

size

for

PAGs

with

similar

acrylamide/bisacrylamide ratios used in this study ranged from 5 to 30 nm, similar to
values in Table 3-1.48 Using diffusing-wave spectroscopy to determine the shear modulus
of PAGs with bisacrylamide concentrations from 0.05 to 0.5 mole %, mesh sizes ranging
from 10 to 25 nm were reported. 25 SANS and SAXS methods yield smaller mesh sizes,
from 2 to 7 nm.32 Overall, PAG mesh sizes in this study are consistent with literature
values.
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3.4.2

Single Particle Tracking (SPT) and Mean Square Displacement (MSD) of
NPs in PAGs

3.4.2.1 Effect of Crosslinking on NP diffusion
SPT was used to measure NP trajectories and MSD as a function of mesh size in
PAGs. Figure 3.1 shows NP trajectories and MSDs for a CR of 0.4, where the mesh size
is approximately twice the NP diameter. In Figure 3.1a, the dark red bullseye represents
“localized” NPs with displacements less than 200 nm and the multi-colored traces are
“mobile” NP trajectories with much larger displacements (microns). By plotting MSD
versus time, Figure 3.1b shows that NPs fall into two populations: (1) mobile NPs (top
lines), and (2) localized NPs (dark red). The MSD of the localized NPs is relatively
constant, about 0.001 µm2. Additionally, the MSD shows that the time for tracking
localized NPs is much longer, the majority over 1 second, compared to the mobile NPs,
which rapidly diffuse out of plane. At a time of 0.08, Figure 3.1c displays a histogram of
the MSD, showing a small population of localized NPs and greater number of faster
mobile NPs with MSD values centered at approximately 103 nm2 (~32 nm)2 and 106 nm2
(~1000 nm)2 defined by the maximum counts. For all CRs (Table 3-1), NPs exhibit both
localized and mobile behavior similar to Figure 3.1. The population of localized NPs was
10% for CRs of 1 or less, and increased to 15 and 25% for CRs greater than 1 (Table 33). Therefore, while both populations were observed for all crosslinked PAGs swollen in
water, the majority of NPs were mobile and exhibited displacements greater than 10
times their diameter. In the remainder of this paper, the diffusion of the mobile NPs and
caging of the localized NPs will be considered separately.
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Figure 3.1: Distinct populations of NP mobility within PAG with average mesh size 47
nm, CR = 0.4 shown by (a) NP trajectory XY space (±3µm x ±3µm) and (b) MSD with
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time. The localized population is shown in dark red. (c) Histogram of MSD values at
0.08s, showing localized NPs centered around 103 nm2 ((32 nm)2) and mobile NPs
centered around ~106 nm2 ((1000 nm)2).
For the mobile NPs, Figure 3.2 shows the NP trajectories (top row) and MSD
(bottom row) in crosslinked PAGs swollen in water as a function of increasing CR. For
the 500 trajectories shown in Figure 3.2a-c, the area explored by NPs decreased as the
CR increased from 1 to 3.8. As shown in Figures 3.2d-f, the MSD values also decreased
as CR increased. The MSD followed a log normal distribution (as shown in the mobile
NPs of Figure 3.1c), therefore the geometric ensemble average was determined. Figure
3.2d-f shows that the geometric averages (solid black lines) are shifted by two orders of
magnitudes to lower MSD values as the CR increased from 1 to 3.8. The fast diffusion of
mobile NPs limited their time in the field of view to only one to two decades of time. For
example at a CR of 0.4 (Figure 3.1b), NP trajectories were measurable for an average of
about 0.5s. As CR increased, NPs could be tracked for longer times; for example, the
average tracking time for NPs in PAGs with CR = 3.8 was twice as long, 1s, as the least
confined case. Even though the trajectories were followed for a longer time at CR=3.8,
the displacements were significantly less as noted by comparing the areas explored in
Figures 3.2c and 3.2a. For example, after 0.4s, NPs explored average spatial areas of 2.4
µm2, 0.69 µm2, and 0.16 µm2 as the CR increased from 0.4 to 1.6 to 3.8, respectively.
Preliminary data on crosslinked gels with a confinement ratio of approximately 8,
showed localization near the surface of the gel for all NPs (not shown), indicating that
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while CRs greater than 1 result in both mobile and localized NPs throughout the gels, an
upper limit for NP infiltration exists.

Figure 3.2: Single particle tracking trajectories, n=500, plotted in XY space (±3µm x
±3µm) (a-c) and log-log MSD graphs (d-f) for 1, 1.6, and 3.8 CRs, respectively, showing
decreased mobility with increasing CR. Black lines show geometric mean MSD curves
(d-f).
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Table 3-3: Particle populations, localized versus mobile, for crosslinker and acetone
collapsed PAGs
Mesh
Confinement Vol%
Size (nm)
Ratio
Acetone
47±7
21±2
13±3
11±2
5±2
47±7
35
32
31
10

0.4
1.0
1.6
1.8
3.8
0.4
0.6
0.65
0.7
2.1

0
0
0
0
0
0
5
10
20
40

Percent
Mobile
Particles
90%
90%
76%
81%
86%
90%
27%
21%
25%
19%

Mobile Immobile
Particles Particles
1038
114
996
113
1026
319
1002
234
3292
527
1038
114
648
1781
617
2308
609
1866
636
2787

3.4.2.2 Effect of Network Collapse on NP diffusion
NP diffusion was also studied in PAGs collapsed by adding acetone to a water
swollen PAG. The addition of a poor solvent resulted in an increase in the percentage of
localized NPs and a slowing down of the mobile NPs. For PAGs with 10 vol. % acetone
having CR = 0.65, NPs exhibited both mobile and localized behavior as shown in Figure
3.3. The MSD curves in Figure 3.3a show that mobile NPs have lower MSDs compared
to the mobile NPs in water swollen PAGs with the same crosslinker content (Figure
3.1b). Figure 3.3b shows a histogram of the MSD values at 0.08 s with the MSD values
for localized NPs centered at 103 nm2 (32 nm)2, similar to localized NPs in the water
swollen gels. In Figure 3.3b, the MSD values of mobile NPs at 0.08s are centered at
approximately 105 nm2 (320 nm)2, an order of magnitude lower than the MSD values of
the crosslinked PAG with CR = 0.4. While localized NPs were the minority in water
swollen PAG with CR = 0.4 (Fig. 3.1c), mobile NPs only accounted for 20% of the
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population in the collapsed PAG with CR = 0.65 (Figure 3.3b). These trends persisted in
all acetone collapsed PAGs, with mobile NPs making up only 20 to 25 of the population
(Table 3-3). The slowing down of the mobile NPs and increase in localized population
cannot be attributed solely to an increase in CR but rather reflects differences between the
local environment in the crosslinked and acetone collapsed PAGs.

Figure 3.3: (a) MSD curves where higher blue curves correspond to mobile NPs and
lower red curves correspond to localized NPs in an acetone collapsed gel with average
mesh size 32 nm, CR = 0.65. (b) Histogram of MSD values at 0.08 s showing localized
NPs centered around 103 nm2 ((~32 nm)2) and mobile NPs centered around ~105 nm2
((320 nm)2).
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To further investigate NP mobility, Figure 3.4a-c shows the mobile NP trajectories in
collapsed PAGs with 0 (CR = 0.4), 10 (0.65), and 40 (2.1) vol. % acetone. The spatial
coverage explored by NPs decreased as confinement increased in qualitative agreement
with the crosslinked PAG results in Figure 3.2. As shown in Figures 3.4d and 3.4e, upon
increasing CR from 0.4 to 0.65, the MSD decreased and the tracking time increased. A
comparison of Figures 3.4e and 3.4f shows similar behavior as CR increased from 0.65
to 2.1. Figures 3.4d-f show that the geometric average MSD (black lines) decreased as
the CR increased from 0.4 to 2.1. Similar to the crosslinked PAGs, mobile NPs are able
to diffuse in collapsed PAG when the CR is greater than 1 and can exhibit displacements
on the order of microns. In summary, for NP diffusion in both crosslinked and collapsed
PAGs, the special coverage explored by NPs and the MSD of NPs decreased as the
confinement ratio increased.

Figure 3.4: Single particle tracking trajectories, n=600, plotted in XY space (±3µm x
±3µm) (a-c) and log-log MSD graphs (d-f) for 0 (CR = 0.4), 10 (0.65), and 40 (2.1) vol.
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% acetone showing decreased mobility with increasing CR. Black lines show geometric
mean MSD curves (d-f).
3.4.3

NP displacements and characteristic lengths in PAGs
Insight into the mechanism of NP diffusion in PAGs can be gained by analyzing

NP displacement distributions. The van Hove correlation function, ∆X, describes the
probability that a particle moves a distance along one direction within a specific time
interval, τ, and is given by, 49
ΔX=x(t+τ)-x(t)

(3-8)

Figure 3.5a-c shows the van Hove displacement distributions of mobile NPs in
crosslinked PAGs with CRs 1, 1.8, and 3.8 where t = 0.08 (blue), 0.4 s (red) and 1s
(black). For each CR, non-Gaussian behavior is exhibited by an increase in small
displacements (near ΔX = 0) and a broad tail corresponding to larger displacements. At
constant CR, the spread in the displacements of mobile NPs broadened as time increased,
consistent with NPs exploring more of the gel at longer times. As CR increased, the
displacements at all times decreased, for example, after an interval of 0.08 s, the
maximum displacement decreased from 1800 nm to 750 nm as CR increased from 1 to
3.8, respectively. In contrast, the distribution of displacements for the localized NPs are
independent of time as shown in Figure 3.5d and 3.5e. A comparison of Figures 3.5d
and 3.5e shows that the distribution is also independent of CR. The spread of the
distribution of localized NP displacements is ±100 nm at both CRs. For CR = 3.8,
Figure 3.5f shows the XY position trajectory of a mobile NP at 40 ms intervals for a total
time of approximately 2.5 s. The mobile NP exhibited many small displacements
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followed by much longer displacements. The periods of “intermittent localization” are
colored as light blue, yellow-green, and red-orange in Figure 3.5f. Taken together, the
non-Gaussian behavior of mobile NPs along with the intermittent localization observed in
single NP trajectories indicate that NPs experienced different environments within the
same gel (i.e., at fixed CR).

Figure 3.5: The van Hove distributions of mobile NPs for CRs of 1(a), 1.8(b), and 3.8(c)
at times of 0.08 s (blue), 0.4 s (red) and 1 s (black) showing decreased displacements
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with increasing CR. The van Hove distributions of localized NPs at CRs of 1(d) and
1.8(e) showing displacements that do not increase with time. Example single trajectory in
a gel with CR = 3.8 exhibiting intermittent localization (f). Each point along the
trajectory is separated by 40 ms with increasing time shown as a heat map (blue to red,
~2.5 s). Localized regions appear around 0.5 (blue), 1 (yellow-green), and 2 s (redorange).
Van Hove distributions were also determined for NPs diffusing in the acetone
collapsed PAGs. Figure 3.6a-c shows the NP displacements in PAGs with 0 (CR=0.4),
10 (0.65), and 40 (2.1) vol. % acetone. The displacement distributions of mobile NPs in
collapsed PAGs (main graphs 6b-c) clearly display non-Gaussian behavior, whereas
Figure 3.6a shows that the distribution at 0 vol. % (least confining network) is
approximately Gaussian. The mobile NPs in collapsed PAGs have centrally peaked
displacements with long exponential tails. These tails correspond to NP displacements
that are longer than predicted by Gaussian behavior and become longer as time increases
from 0.08s (blue) to 1s (black). As acetone content increased and the mesh collapsed, the
displacements of the NPs become shorter. Similar to the crosslinked PAGs, intermittent
localization was observed in the collapsed gels as shown in Figure 3.6d. Localization of
the NP was observed at 0 s (dark blue) and between 1.5 and 2 s (green to orange). The
insets of Figures 3.6a-c show that the displacement distributions for the localized NPs
are independent of time for all three CRs. However, the spatial area explored by the
localized NPs decreased as the vol. % acetone increased from 10 to 40 volume percent as
shown by comparing the insets in Figures 3.6b and 3.6c. Defining the localization region
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as the spread encompassed by 90% of the displacements, the localized region decreased
from 130 nm to 90 nm as acetone increased from 10 to 40 vol. %. This increase in
confinement suggests a reduction in the local mesh size that confines localized NPs.
While the non-Gaussian shape and decreasing displacement with increasing CR of the
mobile NPs in the collapsed PAGs are qualitatively similar to those in the crosslinked
PAGs, a reduction in the space explored by the localized NPs was only observed in
collapsed PAGs, suggesting a difference in local structure even at similar average mesh
sizes.

Figure 3.6: The van Hove distributions of mobile NPs in the acetone collapsed system at
(a) 0 (CR = 0.4), (b)10 (0.65), and (c) 40 (2.1) vol. % acetone at times of 0.08s (blue),
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0.4s (red) and 1s (black) showing decreased displacements with increased CR. Insets
show localized NP displacements that do not increase with time. (d) Single NP trajectory
from 5 vol. % acetone system (CR = 0.6) exhibiting intermittent localization. Each point
along the trajectory is separated by 40 ms with increasing time shown as a heat map (blue
to red, ~2.5 s). Localized regions appear around 0 (blue) and 1.5 s (green to orange).
The characteristic length of NP displacements at each time interval can be
quantified by fitting the tails of the van Hove distributions to an exponential function,
y=A*exp(-x/t) (Section 3.6.3). To include both positive and negative sides of the van
Hove distributions, the absolute values of all negative displacements were taken prior to
fitting. For both the crosslinked and collapsed gels, the characteristic length initially
increased rapidly, and then more slowly at later times as shown in Figure 3.7. The
characteristic length scales as approximately t0.44 (solid lines) similar to the t0.5
dependence observed in other systems, such as colloidal particles in entangled actin,
where non-Gaussian van Hove distributions were observed.49 At fixed time, the
characteristic length decreased as the CR increased for both the crosslinked (Figure 3.7a)
and collapsed (Figure 3.7b) PAGs. One important difference between confinement types
is that small changes in CR produced a large decrease in the characteristic length for the
collapsed PAGs. For example at t = 0.4s, the characteristic length decreased from 440 to
180 nm as the CR increased from 0.6 to 0.7. These large changes suggest that other
factors, in addition to CR, impact NP diffusion in the collapsed gels. Another insight is
that NPs exhibit smaller characteristic lengths (i.e., more strongly confined) in collapsed
PAGs, than in crosslinked PAGs at similar CRs. Thus, the characteristic lengths of NPs
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decreased more sharply with CR in collapsed PAGs, suggesting that CR alone is unable
to capture NP diffusion. The exponential nature of the tails in our study indicate the NPs
exhibit dynamic heterogeneity, which we propose is due to the heterogeneity caused by
the collapsing network due to the poor solvent. The characteristic lengths describe the
large displacements NPs take between being localized, and thus give an indication of the
degree of hindrance the NPs are experiencing in the different local microenvironments.

Figure 3.7: Characteristic lengths of (a) crosslinker confined PAGs at CRs of 0.4 (green
hexagons), 1 (blue circles), 1.6 (purple diamonds), 1.8 (burgundy squares), and 3.8 (pink
triangles) and (b) collapsed PAGs at CRs of 0.4 (green hexagons), 0.6 (blue circles), 0.65
(red stars), 0.7 (orange squares), and 2.1 (black triangles). Characteristic lengths decrease
as CR increases for both PAG systems. NPs within collapsed PAGs show decreased
characteristic lengths when compared at similar CRs to NPs within crosslinked PAGs.
Solid lines are best fits to tα.
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Whereas NPs in a homogeneous environment exhibit Gaussian behavior, the
displacement distributions in the crosslinked and collapsed PAGs display a central peak
with a broad tail at long displacements. This has also been observed for particle diffusion
in complex systems such as cells and f-actin solutions. 49, 50 In gels, this deviation from
Gaussian behavior was attributed to NPs confined to a trapping well, the size of the
central peak.29 Thus, particles are localized or trapped for a time interval and after
escaping, either continue diffusive motion or become localized again. As previously
noted in Figures 3.5f and 3.6d, SPT shows that NPs exhibit intermittent localization,
suggesting that the local PAG environment is heterogeneous. Other studies that have
observed similar non-Gaussian behavior analyze the localized and mobile populations
together leading to central peaks that are confounded by an increase in small steps
attributed to localized particles.29 Recognizing that NPs exhibit both diffusive and
localized dynamics, only the mobile NP displacements were analyzed in the present
study. As discussed in the introduction, the random crosslinking during gelation can
produce heterogeneities in gels.31 Using SANS, PAGs were determined to have network
dimensions ranging from 5 to 250 nm.32 Because similar synthesis methods are used in
this study, PAGs likely exhibit similar network heterogeneity which in turn provides the
environment leading to the distinct NP population dynamics and intermittent localization.
The localization of NPs is attributed to NPs entering and becoming caged within tight
mesh regions, as proposed previously.29
The degree of dynamic heterogeneity in a system can be quantified by the nonGaussian parameter, Ng, given by,51
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(3-9)
The Ng characterizes the deviation of the displacement distribution (Figures 3.5 and 3.6)
from a Gaussian distribution. Quantitatively, the Ng compares the fourth moment to the
second moment, namely the breadth of the distribution relative to the variance. For
crosslinked PAGs at all CRs, the Ng of the mobile NP displacements were relatively
small, Ng ≤ 1.5. Figure 3.8 shows Ng as a function of time for the collapsed PAG, and
includes the water swollen crosslinked PAG at CR = 0.4 (green solid circles). Whereas
Ng is only approximately 0.2 for a CR = 0.4 (0 vol. % acetone), Ng increases from 0.9 to
4.5 as the CR increases from 0.6 to 0.7 (5 to 20 vol. % acetone), respectively. At 40 vol.
% acetone, which corresponds to complete macroscopic collapse of PAG, Ng decreases to
1.7, suggesting more homogeneous network. In summary, the Ng was systematically
larger for the collapsed PAGs compared to crosslinked PAGs, indicating that the addition
of acetone increases the dynamic heterogeneity of NPs diffusing through PAGs. Further,
the dynamic heterogeneity increased strongly even when the CR only increased by a
small amount in collapsed PAGs.
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Figure 3.8: Non-Gaussian parameters, Ng, for collapsed PAGs with 0 to 40 vol. %
acetone content, CRs of 0.4 (green hexagons), 0.6 (blue circles), 0.65 (red stars), 0.7
(orange squares), and 2.1 (black triangles). Ng increases as vol. % acetone increases until
full collapse at 40 vol % (CR = 2.1).
For the acetone collapsed gels, the behavior of the Ng (Figure 3.8) indicates that
the extent of dynamic heterogeneity increased as the poor solvent concentration
increased. Using positron annihilation to probe local free volume, PAGs exhibited a
decrease in free volume prior to the macroscopic VPT, which is evidence that the
changes in the nanoscale environment can occur before the macroscopic collapse of the
gel.33 In the current study, the increase in Ng prior to complete collapse at 40 vol. %
acetone is consistent with this previous study. To gain further insight, the macroscopic
average mesh sizes can be compared to the nanoscale confinement surrounding the NPs.
For all CRs, the FWHM of the displacement distributions for localized NPs (Figures
3.5d-e and insets of 3.6) was approximately 30 nm, which is comparable to the average
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mesh size determined by macroscopic methods (Table 3-1) for the water swollen PAG
having the lowest CR value, 0.4. However, by comparing the breadth of the distributions,
the localized displacements decreased from 130 nm to 90 nm from CR = 0.65 and 2.1,
indicating that the localized NPs can traverse 3 to 4 meshes. This reduction in the spatial
coverage of localized NPs (insets of Figure 3.6b and 3.6c) is consistent with localization
regions becoming smaller with increasing acetone content. Areas connecting these
localization regions can be quantified by analyzing the mobile NPs. The characteristic
length of the mobile NPs in the water swollen gel (CR = 0.4) at a single frame step, 0.04
s, was approximately 370 nm, which is more than seven times the average mesh size,
47±7 nm (Table 3-1). As the gel collapsed, however, the characteristic length decreased
to approximately 45 nm, which is on the order of the average mesh size, 10 nm. Thus,
movement of NPs in the collapsed gel was reduced to a few average meshes within the
frame rate of the experiments. Overall, localized NP motion was comparable to the
average mesh sizes determined from macroscopic methods and NP mobility decreased
with decreasing average mesh size. Thus, by combining the average mesh size with the
spatial area explored by NPs, a nanoscopic understanding of local gel structure can be
developed.
To interpret the NP behavior in the acetone collapsed system, an understanding of
the continuous VPTs in PAGs is needed. When a poor solvent is introduced into the
swollen gel, both contraction and microphase separation can be induced.44 The phase
separation of dense polymer regions from solvent rich regions is caused by the
contraction of neighboring strands, expelling the poor solvent and reducing contact free
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energy, while strands in initially less dense regions remain swollen. The impact this
separation and contraction has on NP diffusion is schematically shown in Figure 3.9.
Figure 3.9a shows NPs diffusing through water swollen PAGs, which provides weak
confinement (CR= 0.4). However, as acetone is added, regions of the gel collapse into a
tighter network, preventing some NPs from diffusing and increasing the tortuosity of the
pathway for mobile NPs, Figure 3.9b. After the gel has fully collapsed, NPs are highly
confined by collapsed polymer strands. NPs inside the most compact, dense regions do
not diffuse, while those in less compact regions have reduced diffusion due to increased
friction with the collapsed strands and increased confinement, Figure 3.9c. Using nuclear
magnetic resonance, the dense regions in PAGs have been found to be 6-12 nm, although
the authors indicated that the actual dense regions are somewhat larger.44 In the present
study, the dense polymer regions appear to be on the order of 90 to 130 nm. Overall, NP
mobility is sensitive to both the average mesh size and nanoscale heterogeneity caused by
the collapsing of the gel.

Figure 3.9: Schematic of NP mobility and gel network collapse during the continuous
VPT of PAGs caused by increasing acetone content. (a) NPs in water swollen PAG, CR =
0.4, displaying predominantly mobile NPs. (b) In 10-30 vol % acetone (CR = 0.6-0.7)
81

PAG, some NPs become localized due to neighboring chains collapsing into tighter
meshes, while mobile NPs exhibit decreased mobility. (c) In the fully collapsed PAG, 40
vol % acetone/ CR = 2.1, a majority of NPs are localized, while others are slowed down
by increasing tortuosity.
3.4.4

Comparison of NP Diffusion in Crosslinked and Collapsed PAGs
Recent studies show that particle diffusion in gels, actin solutions, and colloidal

solutions exhibit non-Gaussian displacement behavior,29,

49, 51

calling into question the

validity of the Gaussian assumption and the simple linear relationship between MSD and
diffusion coefficient. While it has been suggested that displacement distributions should
be characterized, to our knowledge, no further method has been developed to extract
diffusion coefficients (D) from non-Gaussian data. Thus, a protocol for determining D
from MSD data was employed to allow for a systematic comparison of NP diffusion as a
function of CR. To determine ensemble behavior, the geometric average MSDs for
particles that exhibited mobile behavior was determined and plotted in Figures 3.2d-f
and 3.4d-f (solid black lines). Particle trajectories were analyzed to determine power law,
tα, scaling over the initial 80% of MSD traces. Traces fit with an r2 greater than 0.7,
approximately 70% of mobile NPs, were used to determine the ensemble average of α,
which equals approximately 1 for all crosslinking conditions over a time interval of 1 s.
The ensemble geometric MSD was then calculated from traces where α = 1± 0.25. This
standard deviation represents the same range for NPs diffusing in homogeneous
glycerol/water solutions. For the crosslinked and collapsed PAGs, the ensemble MSDs
were fit with Equation 3-1 to determine D. In this study, gel relaxation was fast
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(milliseconds),25 the shortest experimental time delay was 40 ms, and NPs traveled many
mesh distances, the NP diffusion coefficients correspond to center of mass diffusion and
the longest relaxation time.
Diffusion coefficients are expected to decrease as confinement increases. Using
scaling relationships proposed by Phillies, probe (both macromolecular and particle)
diffusion coefficients in polymer solutions decrease as an exponential or stretched
exponential function as concentration or polymer molecular weight increases.52 While
these studies focus on polymer solutions, the scaling behavior for NPs as a function of
crosslinker concentration25 or network collapse has received little or no attention. For
crosslinked PAG, NP diffusion coefficients decreased by over an order of magnitude as
the CR increased from 0.4 to 3.8, as shown in Figure 3.10a. The solid line is a best fit to
the exponential function with an argument given by -CR/1.1, where CR = 2R/ξ. The NP
diffusion coefficients in the collapsed gels were not well fit by a similar exponential
dependence, which we attribute to the impact of dynamic heterogeneity discussed
previously. In the crosslinked PAG at the highest CR (= 3.8), the average mesh size was
only 5 nm, nearly 4x smaller the NP diameter. Nevertheless, NPs exhibit diffusive motion
for CR > 1 with no apparent sharp decrease near CR = 1. Although most theories assume
that confinement (e.g., tube size, correlation length, mesh size) is homogeneous, PAGs
are known to exhibit polydispersity in mesh size, and are therefore heterogeneous. As a
result, NPs can move rapidly in open mesh regions while being confined in tighter mesh
regions. In the case of crosslinked PAGs, the heterogeneity is relatively small and
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therefore the confinement due to average mesh size is similar to that of the correlation
length in a polymer solution.
Figure 3.10b plots the normalized diffusion coefficients for crosslinked and
collapsed PAGs as a function of CR. The SE diffusion coefficients D0 uses the viscosity
of in pure water or the water/acetone mixtures to account for the increase in viscosity as
vol. % acetone increases. Similar to crosslinked PAGs, NP diffusion in collapsed PAGs
decreases with increasing CR, however, the NP diffusion coefficients decrease much
more strongly in the collapsed PAGs. The slower diffusion on NPs in collapsed PAGs is
also observed by comparing the characteristic lengths shown in Figure 3.7. For example,
compared at similar CR (1.8 versus 2.1) at 0.4 s, the characteristic length in crosslinked
PAG was 500 nm, whereas it is only 140 nm in the collapsed PAG. These trends indicate
that CR alone is unable to fully describe NP mobility in heterogeneous PAGs. To
understand why NPs move slower in collapsed PAGs, the average Ng values were plotted
versus the CR in Figure 3.10c. This data shows that the dynamic heterogeneity increased
as the CR increased to about 1 but then decreased for CR > 1 (i.e., 40 vol. % acetone),
indicating a more uniform mesh in fully collapsed PAGs. Moreover, relative to the
crosslinked PAGs, the dynamic heterogeneity was always much greater in the collapsed
PAGs when compared at the same CR. This larger heterogeneity suggests that the
collapsed PAGs exhibit regions with smaller mesh size and therefore greater local
confinement. New models are needed to quantitatively account for the effect of dynamic
heterogeneity on NP diffusion in heterogeneous gels.
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Figure 3.10: (a) Diffusion coefficient, D, versus confinement ratio, CR, for crosslinked
PAGs with exponential fit D ∝ exp (-CR/1.1). (b) Comparison of normalized diffusion
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coefficients and (c) non-Gaussian parameters for collapsed and crosslinked PAGS. Insets
of (b) depict the confinement imposed on NPs by the network for crosslinked (blue) and
collapsed (red) PAGs. Error in CR corresponds to the standard deviation in mesh size
from rheometry. Dotted lines in (b) are guides to the eye. Error in Ng (c) correspond to
the average of values between 0.1 and 1 s shown for collapsed PAGs in Figure 3.8.
In contrast to the crosslinked PAGs, the reduction in NP diffusion in collapsed
PAGs is attributed to dynamic heterogeneity, which results from intermittent localization
of NPs and a dispersity in mesh size (Figure 3.9). Other mechanisms that cause slowing
should also be considered. Even though attractive mesh-NP interactions could lead to
intermittent localization, the NPs were grafted with a neutral PEG brush which does not
hydrogen bond with PAG at pH values used in this study, specifically pH between 5.5
and 7.5.53 Similarly, studies of the mechanical properties of PAGs loaded with silica NPs
have shown that despite the charged surface of the silica NPs, PAG chains do not adhere
to the NP surface.54 The slowing down in collapsed PAGs could be attributed to an
increase in solution viscosity upon mixing acetone and water. To account for changes in
viscosity, D was normalized by the SE diffusion coefficient in water/acetone mixtures as
shown in Figure 3.10b. However, it is possible that the local viscosity felt by the NPs
differs from the bulk viscosity if the acetone is partitioned towards the center of the less
dense regions. Furthermore, the collapsed PAG likely contributes a higher segmental
frictional drag on the passing NP. Both contributions, if they occur, require advances in
modeling to understand their impact on chain and NP dynamics. Additionally, the PEG
brush conformation could be collapsed upon introduction of a poorer solvent, although a
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smaller effective hydrodynamic radius would increase D, opposite to the observed trend.
Moreover, because the change in χ is small, going from 0.31 to 0.29 upon adding 10 to 20
volume fraction of acetone to water, the PEG brush is not expected to change
significantly, much less expand, as acetone content is increased.55 While other factors
may contribute to the differing dynamics at the same CR, these studies indicate that the
driving force for reduced mobility in collapsed PAGs is dynamic heterogeneity
introduced into the PAGs by the addition of a poor solvent, acetone.
3.5

Conclusion
The diffusion of NPs within PAGs was studied as a function of network

confinement. By increasing crosslinker concentration or adding acetone to collapse
PAG, the average mesh size was reduced to produce confinement ratios less than and
greater than 1. In both PAGs, there was a corresponding decrease in NP mobility, yet NP
diffusion was retained even when the NP was nearly 4x larger than the average mesh. NP
mobility could be separated into localized and mobile populations. The mobile NPs
displayed either intermittent localization through diffusive motion interspersed with
random localization or continual diffusive motion. Diffusion coefficients decreased with
confinement ratio, although the NP diffusion in the collapsed gels was slower than
diffusion in the crosslinked gels when compared at a constant confinement ratio. This
difference was attributed to dynamic heterogeneity, which is supported by analysis of the
displacement distributions and non-Gaussian parameters. Displacement distributions
showed exponential tails that decreased in length and likelihood as confinement
increased. This reduction occurred more rapidly in the collapsed PAGs than in the
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crosslinked PAGs, which is consistent with the greater dynamic heterogeneity observed
in the collapsed PAGs. These results suggest that the local structure of the collapsed
PAGs is quite heterogeneous, resulting in dense regions with a small mesh size that
localizes NPs and/or act as obstacles for NP mobility. Further experimental studies of NP
diffusion through model gels with a monodisperse mesh size would provide important
insight into the significance that dynamic heterogeneity plays in reducing NP diffusion.
Additionally, single particle tracking using cameras that provide faster frame rates
(hundreds of frames per second) and greater spatial resolution (~1 nm) are needed to
determine the existence and impact of the hopping mechanism on NP diffusion in gels.
Current models successfully capture the diffusion of NPs in polymer solutions, melts, and
gels by assuming homogeneous non-interacting systems; however, more advanced
models are needed to capture the effect of gel heterogeneity on NP diffusion and the
impact of interactions between NP and polymer. Ultimately, by understanding how the
macro and nanoscopic structure of polymer gels affects NP dynamics, the performance of
membranes, separators, and drug delivery gels can be tailored with unprecedented
control.
3.6

Supporting Methods

3.6.1

NP Size Determination
A schematic and SEM image of the quantum dots (QDs) used in this study can be

seen in Figure 3.11a. The QDs were purchased with PEG surface functionalization from
Invitrogen (QD655). They were determined to have an average core diameter of 13 nm
from dimensional analysis of SEM images, a histogram of this is shown in Figure 3.11b.
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To determine the hydrodynamic radius of the QDs, diffusion coefficients of the QDs
dispersed in solutions of glycerol and water were measured. Solutions consisting of 65,
75, 84, and 90 weight percent glycerol had viscosities at 22˚C of 0.014, 0.036, 0.081, and
0.194 Pas, respectively.56 The behavior of the QDs in water glycerol solutions obeyed
Stokes Einstein diffusion, Equation 3-10; the diffusion coefficients varied linearly with
the inverse of solution viscosity.

(3-10)

The dashed blue line in Figure 3.11c is the linear best fit to the experimental data. The
hydrodynamic diameter was determined to be 20.8 ± 2.8 nm. Each point in Figure 3.11c
was determined from approximately 5000 NP trajectories in each viscosity solution
averaged together to determine the ensemble mean squared displacement (MSD) which
depended linearly on time. As an example, fitting the ensemble MSD for NPs in 90%
glycerol in water with a viscosity 0.194 Pas with Equation 3-1 results in a diffusion
coefficient of 1.042x 105 nm2/s with 95% confidence interval of 1.04x 105 - 1.05x 105
nm2/s, shown in Figure 3.12. Agreement between data and fitting show the applicability
of the Gaussian assumption for homogeneous control solutions. Additionally, Figure
3.13 shows the Gaussian displacement distribution for these NPs in 65 weight percent
glycerol at times of 0.08 (blue) and 0.4 (red) s.

89

Figure 3.11: (A) SEM image of NPs used in this study with inset showing schematically
the dimensions of the core and PEG brush. (B) Histogram showing the hard sphere
diameter average was 13 ±4 nm. (C) Diffusion coefficient of the NPs versus inverse
viscosity of water glycerol solutions. Blue dashed line is linear best fit. The average
hydrodynamic diameter determined was 20.8nms.

Figure 3.12: Ensemble average MSD curve from 4946 NP trajectories in 90% glycerol in
water with a viscosity 0.19 Pas.
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Figure 3.13: Gaussian displacement distribution of NPs in 65 weight percent glycerol at
times of 0.08 (blue) and 0.4 (red) s.
3.6.2

Mesh Size Determination

The polymer volume fraction and the zero-frequency shear modulus were
experimentally characterized to determining the mesh sizes of each gel. Rheometry was
performed on a TA Instruments RFS using a parallel plate geometry. The gels were
maintained within the elastic regime, 1% strain, as determined prior to the frequency test
by a strain dependent test at 1Hz. Examples of rheometry data from one sample of at least
three are shown in Figure 3.14. Zero frequency shear modulus values were obtained
from the y-intercept of linear fitting from 1 to 0.1 rad/s. To determine polymer volume
fraction, all water must be removed from the gels. To do this, sections of the PAGs,
approximately 0.5 X 0.5 cm, were gradually ramped, 20˚C per minute, to a temperature
of 120 degrees then isothermally held until no change had occurred for over 5 minutes.
Other ramping procedures, slower ramping, and isothermal temperatures, lower
temperature were tried, but did not affect the results within error. An example of the TGA
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analysis is shown in Figure 3.15 for the PAG with an average mesh size of 5 nm, or
confinement ratio (CR) of 3.8.

Figure 3.14: Storage modulus, G’, determined from a frequency sweep at 1% strain of
PAG samples with increasing crosslinker.

Figure 3.15: Weight percent as a function of time determined from TGA analysis for gel
with average mesh size of 5 nm, confinement ratio of 3.8.
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3.6.3

Characteristic Length Fitting
The tails of the van Hove distributions were fit with an exponential, Equation 3-

11, to determine the characteristic length at each time for each gel.

(3-11)
Figure 3.16 shows an example of the exponential fitting for the crosslinker confined
PAG with mesh size of 5 nm, confinement ratio of 3.8, at times of 0.08, 0.4, and 1 s. Both
positive and negative sides of the van Hove distributions were incorporated into the fit by
taking the absolute value of all negative displacements.

Figure 3.16: Exponential fitting of van Hove distributions for determination of
characteristic lengths from crosslinker confined PAG with mesh size of 5 nm,
confinement ratio of 3.8. Solid lines correspond to fitting with Equation 3-11.
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In collaboration with Sarah Seeger

98

4.1

Introduction
Stimuli-responsive gels are polymer networks in which properties change based

on environmental cues such as pH, temperature, or electric field. Because their high water
content and low interfacial tension enable biocompatibility, responsive hydrogels have
drawn interest from biomedical fields. Further, these hydrogels have potential for
biotechnological applications such as biosensors, bioseparation, and immobilization of
enzymes in the body. Because these materials can actuate in response to stimuli, they
could also be used to pump drugs into or from desired areas, or selectively allow for drug
permeation.1 Controlling the diffusion and localization of drugs in such applications is
critical to the functionality. N-isopropylacrylamide (NIPAAM), a well-studied
temperature-responsive hydrogel, exhibits a lower critical solution temperature (LCST)
and undergoes a phase transition close to body temperature (32 °C), making it a desirable
candidate for these biomedical applications.1, 2, 3 In this study, we probe the mobility of
nanoparticles (NPs) within NIPAAM at temperatures below and above the LCST.
Understanding and controlling the diffusion of nanoscale particles within gels is
important to aid in the implementation of these biomedical applications.
Below the LCST, called the volume phase transition temperature (VPTT) in
hydrogels, NIPAAM gels are water-swollen because of the hydrophilic interaction
between water and amide groups in the polymer chain.2 As the temperature is raised, the
entropic costs of interactions with hydrophobic hydrocarbon and isopropyl groups of the
polymer cause the NIPAAM chain to begin to expel water.2,

3, 4

At the VPTT, the

association between hydrophobic groups dominates, resulting in chain collapse and a
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sharp decrease in gel volume. As a result, pore, or mesh, size displays a large temperature
dependence in NIPAAM gels.5,6 Small angle neutron scattering (SANS) studies on
NIPAAM gels suggest that the mesh size at room temperature is on the order of a few
nanometers.5,

7, 8

The correlation length scales with polymer concentration to the -1.16

power for NIPAAM gels, however for concentrations from 0.009 to 0.2 polymer fraction
this only changes the mesh from approximately 1 to 5 nm.8 Using a gel filtration method
to estimate the pore size of NIPAAM gels crosslinked with bisacrylamide (bis) and
acrylamide a study by Park and Hoffman9 claimed that NIPAAM pore size decreased to
below the molecular size of vitamin B12 (MW 1355 Daltons, ~3 nm10) at temperatures
above the VPTT, ~35 ˚C. Although mesh size represents the average space between
polymer chains in the water-filled gel, the pore structure is heterogeneous and this
heterogeneity can have a large impact on gel properties, such as modulus.
To better control the capture and release of drugs and other small molecules
within hydrogels being used in applications such as drug delivery systems, the local
environment within the gel must be well understood. A gel’s formation causes several
types of inhomogeneities to be present within the gel, as stated by Shibayama and
Norisuye: spatial inhomogeneities induced by variations in crosslinking across different
areas of the gel, mobility inhomogeneities due to local variations in mobility of the
crosslinked chains, connectivity inhomogeneities dependent on the distribution of
polymer chains throughout the gel, and topological inhomogeneities due to defects in the
gel network.11 Gels prepared with low polymer and crosslinker concentrations have
inconsistent properties, such as modulus and swelling ratio, as the effective polymer and
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crosslinker concentrations differ throughout the gel. As crosslinking density is increased,
however, the amount of spatial and mobility inhomogeneities increase. Analogously,
higher polymer concentration can allow for more variations in polymer distribution,
leading to higher connectivity inhomogeneity.12 Chetty et al.13 found that in a NIPA/bis
system, increasing crosslinker content from 1.1 to 3.3 mol% bis led to higher elastic
moduli, from 4 to 8 kPa, but at 9.1 mol% bis, structure inhomogeneity caused the
modulus to be anomalously low, 2 kPa. Sayil and Okay found that a crosslinker content
of 3 mol% was the upper limit for structure homogeneity in NIPA/bis systems, above
which they observed agglomeration of NIPAAM gel microspheres and a corresponding
decrease in modulus, from 12 to 2 kPa at 3 and 5 mol% bis, repectively, an indication of
system heterogeneity.14
Polymer concentration and crosslinking density also affect the VPT. Increasing
either polymer or crosslinker concentration yields a more tightly knit gel structure in
which there is a reduced capacity for retention of water and thus for swelling. 15 When
crosslinking is increased, the VPTT remains unchanged despite these differences in
swelling ratio because the rate-limiting step for swelling and deswelling is mass transfer
of the water entering and exiting the gel.1,15,16 A highly crosslinked gel has a lower
swelling ratio, so less water must leave the gel as the temperature is raised above the
VPTT, offsetting the decreased rate of mass transfer due to confinement of the system.
As polymer concentration is increased, however, the VPTT becomes sharper. 17 At higher
polymer concentrations, hydrophobic interactions are stronger, driving the VPTT to be
lower and to occur over a narrower range in temperature.17
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Although the VPTT of NIPAAM has been extensively studied, an effective
model for predicting the mobility of molecules within these gels remains elusive. Peppas
and Reinhart introduced the first model for diffusion in chemically crosslinked hydrogels,
in which they propose that diffusion is proportional to the mesh size of a gel, which is
dependent on swelling.18,19 While this model has been shown to predict diffusion
effectively for solutes much smaller than the mesh size, theoretical predictions become
inaccurate as the diffusant size nears, or becomes larger than, the mesh size of the gel.20
Other models, such as the hydrodynamic21 and obstruction22 models, have since been
developed in attempts to improve upon the free volume model. However, each of these
models has their own limitations: the hydrodynamic model, which treats the diffusing
solute as a large molecule for which diffusion is resisted by a large drag force, does not
take into consideration heterogeneity in the gel; obstruction theory, which takes into
account that the gel network contains polymer chains that the diffusant cannot bypass,
works well for heterogeneous systems but assumes rigid, motionless polymer chains, far
from the dynamic network of mobile polymer chains that exists in gels.23 Additional
models for NP diffusion in gels have sprung out of the polymer physics community,
however, these models were largely developed to describe dry polymer networks. 24, 25 In
the absence of effective models to predict the diffusion of molecules in NIPAAM
hydrogels, some attempts have been made to directly determine the uptake and release of
drugs into NIPAAM hydrogels in vitro.17,26 In these studies, however, the local
environment that the drug experiences was not characterized and the drugs were too
small to act as probes.
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In this chapter, single particle tracking (SPT) was used to determine the mobility
of quantum dot nanoparticles (NPs) functionalized with poly(ethylene glycol) (PEG)
brushes (hydrodynamic diameter ~10 nm) in a NIPAAM hydrogel system. The NPs act
as probes to the system, allowing characterization of the local structural environment of
the NIPAAM gel as the swelling ratio was tuned by varying either polymer or crosslinker
concentrations or temperature. NPs were found to be primarily localized within two
cages: a primary cage of approximately 100 nm caused by interactions between the NP
brush and the NIPAAM chains, and a secondary cage, from 150 to 300 nm, attributed to
network confinement. As polymer and crosslinker concentrations were decreased, NP
mobility increased, mainly due to an increase in the size of the secondary cage.
Additionally, as the temperature was increased towards the VPTT, the secondary cage
size increased and more NPs escaped from the cage, even as the gel was beginning to
collapse. As the temperature was raised above the VPTT, however, the increasing
confinement caused by the collapse of the gel dominated, resulting in decreased motion
and a single cage size. Thus, despite the increase in thermal energy, the NPs became
localized within the NIPAAM network. Understanding the impact of swelling and
temperature on NP mobility within hydrogels will aid in the development of responsive
gels for controlled release devices as precisely controlling nanoscale diffusants is
paramount to functionality.
4.2

Results and Discussion
This study used SPT to probe the mobility of PEG functionalized NPs within

NIPAAM networks as confinement was tuned by varying either the polymer and
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crosslinker concentrations or temperature. At 22 ˚C, three combinations of polymer to
crosslinker ratios were studied, 30/0.5, 20/0.5, and 20/0.4 mg/mL of NIPAAM/bis, which
are denoted as low, intermediate, and high swelling gels. SPT was also performed on the
intermediate swelling gel from temperatures of 22 to 37˚C. In Section 4.2.1, the expected
mesh sizes are calculated from the observed swelling ratios. The results of the SPT
experiments are analyzed by their spatial coverage, mean squared displacements (MSD),
and displacement distributions in Section 4.2.2. Due to interactions between the PEG
brush and NIPAAM, the majority of NPs exhibited caged diffusion. By increasing
swelling ratio and increasing temperature, below the VPTT, NP mobility was found to
increase. The increased mobility was accompanied by NPs escaping the primary cage
caused by interactions with NIPAAM and probing the secondary cage caused by mesh
confinement. As temperature approached the VPTT, a minority of NPs even escaped the
secondary cage. Above the VPTT, however, NP mobility drastically decreased, despite
the higher temperature, and corresponding increase in thermal energy, due to collapse of
the polymer network.
4.2.1

Mesh Size and VPTT of NIPAAM Gels
To probe the effect of polymer concentration, crosslinker concentration, and

temperature on both the VPTT and mobility of NPs within NIPAAM gels, three different
gels were prepared at two crosslinker and two polymer concentrations. The gel
characteristics are summarized in Table 4-1. Gel are designated by their swelling ratio,
Q, as low, intermediate, and high, which correspond to 30/0.5, 20/0.5, and 20/0.4 mg/mL
of NIPA/bis, respectively, in the gelling solution. Increasing either the polymer or
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crosslinker concentration resulted in a decrease in mesh. The distance between two
crosslinks, r, can be calculated based on the initial concentrations of monomer and
crosslinker, using Equation 4-127,

(4-1)

where l is the length of a carbon-carbon bond, Mc is the molar mass between crosslinks,
M is the molar mass of a monomer, and Cn is the characteristic ratio of the polymer
(6.9).27 Mc can be calculated from Equation 4-227,

(4-2)

where n designates the number of moles used and M designates the molar mass of NIPA
or bis. The mesh size in the swollen gel can then be calculated from Equation 4-327,
ξ

where

(4-3)

is the polymer volume fraction, or inverse of the swelling ratio, Q. Equation 4-3

assumes the gels are highly swollen so that the density of the gel is approximated as that
of water. For the range of polymer and crosslinker concentrations used in this study, the
value of r changed very little, from 4.3 to 5.2 nm. The expected mesh size in the swollen
state, however, changed by over 10 nm due to the disparate swelling of the gels.
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Table 4-1: Sample characteristics including polymer concentrations, molar mass between
crosslinks (Mc), distance between crosslinked points in unswollen gel (r), swelling ratio
(Q), and swollen mesh size, ξ. Values obtained from n ≥ 2 samples.

Gel Code

Temperature
(˚C)

Low

22

NIPA
bis

Intermediate

22

NIPA
bis

Mc
(g/mol)

r (nm)

Q

Swollen
ξ (nm)

30
0.5

9406

5.2

50

19

20
0.5

6322

4.3

110

20

110
85
2

20
19
5

280

31

mg/ml

25
30
37
High

22

NIPA
bis

20
0.4

7864

4.8

The swelling ratio of the high, intermediate, and low swelling gels over the
temperature range of 22 to 40˚C is shown in Figure 4.1. The high swelling gel, shown in
red, had a swelling ratio of 280 at 22˚C. The swelling ratio remained above 200 until
30˚C, then drastically decreased, stabilizing at 34˚C. The intermediate swelling gel,
shown in blue, had a swelling ratio of 110 until 28˚C. The swelling ratio decreased from
110 to 60 between 28 and 34 ˚C. The gel then reached the collapsed state at 37 ˚C. The
low swelling gel, shown in grey, had a swelling ratio of 50 until 30˚C, which decreased
from 30 to 35 ˚C, and reached the collapsed state at 37˚C. At 22 ˚C, the swelling ratio
decreased by over 200 from the low to high swelling gels with a change of less than 1
mol% of crosslinker and polymer. The decreased swelling ratio reduced the calculated
mesh size from 31 to 18 nm, as seen in Table 4-1. Importantly, the swelling ratio
controlled the mesh; despite the higher r value of the low swelling gel, the mesh was
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smaller than in the other two samples. As discussed in the introduction, the gel swelling
ratio decreased upon increasing either polymer or crosslinker concentration. While the
swelling ratios of the gels differ greatly, the temperature range of the VPTT was similar
for all three gels, occurring between 30 and 34˚C. These values are consistent with
literature values. Namely, 32˚C has been cited as the VPTT for NIPAAM gels in
simulations,2,3 whereas 30 and 35 ˚C has been reported experimentally5.

Figure 4.1: Swelling ratio for NIPAAM gels of high (red), intermediate (blue), and low
(grey) swelling over the temperature range of 22-40˚C. Data is representative of at least
two independent experiments performed on different days, but shown for a single
experiment.
The average mesh sizes for the intermediate gel as a function of temperature are
given in Table 4-1. This gel was used for probing the effect of temperature on NP
mobility. The gel remained fully swollen until approximately 28 ˚C (Figure 4.1) with a
107

calculated mesh size of 20 nm. As the swelling ratio decreased, the calculated mesh
decreased only slightly, to 19 nm. The network collapsed above 34˚C, resulting in a
reduction of mesh size to 5 nm at 37˚C. The NPs used in this study had a hydrodynamic
diameter of 10 nm. Thus, the mesh size changed from larger than to smaller than the NP
size as temperature increased from 22 to 37 ˚C.
The VPTT is controlled by competing thermodynamic contributions of mixing
enthalpy and entropy. During the phase transition, the NIPAAM chains transition from a
coiled shape, the hydrophilic state, to a globular, the hydrophobic state, due to the
competition between hydrogen bonds and hydrophobic interactions.2,

3

In the swollen

state, hydrogen bonds are formed between the amine and carbonyl groups of NIPAAM
and water as well as intrapolymer hydrogen bonds between the same groups. As the
temperature is raised, hydrogen bonds between water and NIPAAM are broken, while
interchain hydrogen bonds are formed.2,

3

Hydrogen bonding with water increases the

enthalpy of mixing, but decreases the entropy of mixing. The transition occurs when
entropy dominates at higher temperatures, making separation of water and polymer
chains favorable.28
In Table 4-1, the mesh sizes were calculated based on idealized statistical
copolymerization, and thus do not capture the intrinsic heterogeneity of the NIPAAM gel
structure. These mesh values provide a starting point for the discussion of the
confinement experienced by the NPs within the various gel conditions. In literature, the
mesh size of NIPAAM depends on polymer and crosslinker concentrations, as well as the
method used to determine the mesh size. Using SANS, the mesh sizes were found to be 2
to 3 nm5, 7, while dynamic light scattering (DLS) studies reported meshes ranging from 6
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to 120 nm6. The mesh sizes listed in Table 4-1 are consistent with these literature values
as the polymer and crosslinker concentrations are near those of the DLS study and lower
than the concentrations of the SANS studies.
4.2.2

NP Mobility within NIPAAM Gels

4.2.2.1 Effect of Increasing Crosslinking on NP Mobility (T= 22 ˚C)
Figure 4.2a-c shows NP trajectories spatial coverage in x-y space for the high,
intermediate, and low swelling gel conditions at 22˚C. The NPs in the low swelling gel
were localized within a 100 nm radius, as shown in Figure 4.2a. The majority of NPs in
the intermediate swelling gel were localized within a 200 nm radius, as shown in Figure
4.2b. In the high swelling gel the majority of NPs were localized within a 250 nm radius,
as shown in Figure 4.2c. In all cases, the majority of NPs move within a localized
region, which will be denoted in this study as a cage. To quantify the motion of these
particles, the mean squared displacement (MSD) of each particle is displayed in Figure
4.2d-f. To aid visualization, line colors vary from blue to red as the initial MSD values
increased in Figure 4.2a-f. The average MSD value for the low swelling gel at 0.4 s was
103.1 (352) nm2. At the same time, the average MSD value for the intermediate and high
swelling gels were 103.4 (502) and 103.7 (712) nm, respectively. The increased swelling
and resulting free volume of the gels with lower polymer and crosslinking concentrations
allowed NPs to move further within these gels.
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Figure 4.2: Trajectories of NPs in (a) low, (b) intermediate, and (c) high swelling gels at
22°C (below VPTT), which have been initially centered at (0,0). MSDs for individual
tracks as a function of time in (d) low, (e) intermediate, and (f) high swelling gels. Color
coding is by the value of MSD at t =0.04 s. (showing N≈500).
The increasing mobility of the NPs with increasing swelling ratio of the gel is also
shown in the ensemble average MSD trends, Figure 4.3. The high, intermediate, and low
swelling gels are shown in red, blue, and grey, respectively. At 0.4 s, the mean MSD
value increased from 1600 to 8000 nm2 from the high to low swelling gels. The MSD of
Brownian diffusion is proportional to tα, where α = 1. Figure 4.3 shows that for all
concentration of polymer and crosslinker concentration used in this study (20-30/0.4 to
0.5 NIPAAM/bis), NPs moved in a subdiffusive manner, where α = 0.5 or less. The alpha
values of the mean MSD curves were 0.2, 0.13, and 0.1 for the high, intermediate, and
low swelling gels, respectively. These low α values are due to the NPs moving within a
confined region. Although the calculated meshes of these gels in the fully swollen state at
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22˚C were larger than the NP diameter, NPs were unable to diffuse freely, i.e. Brownian
diffusion.

Figure 4.3: Ensemble NP MSD in high (red), intermediate (blue) and low (grey) swelling
gels at 22˚C. Decreasing polymer or crosslinker content results in increased MSD of NPs.
To quantify the cage which localized the NPs, van Hove displacement
distributions were determined, Figure 4.4.29,30,31,32 The displacement distributions
describe the probability of a particle moving a distance, x, along a single axis within a
specific time interval, τ. The distributions were determined using29

.
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(4-4)

Times of 0.08 (blue) and 1 s (red) were selected to cover the time range shown for the
MSD curves in Figure 4.3. The displacement distributions at an intermediate time, 0.4 s,
were also determined, but were omitted for clarity. Figure 4.4a shows that small
displacements occur with a higher probability than large displacements. The
displacements of NPs within the low swelling gel are time independent, as noted by the
overlap of the 0.08 and 1 s displacement distributions. As polymer content decreased
(intermediate swelling gel), NP displacements began to show time dependent behavior;
the spread of the displacement distributions slightly increased from 0.08 to 1 s. Upon
further decreasing crosslinker content (high swelling gel), larger displacements were
observed, as noted by the broader distribution and displacements greater than 200 nm at
1s.

Figure 4.4: Van Hove displacement distributions of NPs in (a) low, (b) intermediate, and
(c) high swelling gels at 0.08 (blue) and 1 (red) s at 22˚C. Distributions were fit with
single/double Gaussians to determine primary and secondary cage sizes, which are
plotted in Figure 4.5.
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Displacement distributions were fit with Gaussian distributions to extract the full
width at half maximum (FWHM), which represents the cage size. The localized motion
of the NPs in NIPAAM allowed the displacement distributions to be well fit by Gaussian
functions. Exponential fitting of the distributions was tried; however, the fits were not
high quality or meaningful. Single and double Gaussian fits were compared with the
experimental data to determine which was appropriate using r2 and the position of the
center of the peak as criteria for best fit (see Table 4-2 and Figure 4.14). The cage values
are displayed as a histogram in Figure 4.5, where the FWHM at 0.08 and 1 s are shown
as blue and red bars, respectively and the primary and secondary cages are shown as solid
and crosshatched bars, respectively. NP displacements within the low swelling gel were
well fit by a single Gaussian, while the displacements within the intermediate and high
swelling gels were best fit with double Gaussians. This analysis suggests that NP
“probes” are confined by two cages, a narrow primary cage and a broader secondary
cage. Within the low swelling gel, the primary cage did not change with time, consistent
with the time independent behavior of the displacements. In the intermediate swelling
gel, the primary cage increased by less than 20 nm from 0.08 to 1 s, whereas the
secondary cage increased by almost 50 nm over the same time. In the high swelling gel,
the primary cage increased by 10 nm from 0.08 to 1 s, while the secondary cage increased
by over 50 nm over the same time. The primary cage increased only slightly, by 20 nm or
less, as polymer and crosslinker content were decreased. The secondary cages, however,
increased by over 40 nm at 1 s from NPs within the intermediate and high swelling gels.
Using the secondary cage at 0.08 s as the minimum jump size to qualify as escaping the
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mesh, approximately 10% of NPs within both the intermediate and high swelling gels
escape the cage.

Figure 4.5: Primary (solid) and secondary (crosshatch) cage sizes determined from
Gaussian fitting of displacement distributions of the low, intermediate, and high swelling
gels at 22˚C for times of 0.08 (blue) and 1 (red) s.
NPs within the NIPAAM gels were primarily localized within two cages, in
contrast to the diffusive motion of NPs observed in polyacrylamide gels (PAGs) with
similar mesh sizes. In both a study by the authors using PEG functionalized NPs32, and in
a study by Hayward and coworkers33 using carboxylated NPs, NPs displayed
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intermittently diffusive or fully diffusive motion in PAGs. The difference in NP mobility,
despite mesh sizes being similar, is likely due to factors other than confinement.
Additionally, charged gold NPs up to 50 nm in diameter have been shown to be mobile,
at 10 % of their electrophoretic mobility in water, in NIPAAM networks with similar
polymer and crosslinker concentrations to the gels in this study. The mesh sizes were
determined to be in the range of 6 to 10 nm, which is smaller than those calculated in the
present study.6 Thus, NPs less than 50 nm in size that do not interact with the chains
should be mobile within the NIPAAM networks in the present study if confinement due
to the mesh alone controlled mobility. The localized motion of the NPs is likely due to
attractive interactions between the PEG brush on the NPs and the NIPAAM gel. A study
on the swelling behavior of NIPAAM in PEG and water solutions found that NIPAAM
gels deswelled then reswelled with increasing PEG concentration, while PAGs did not
reswell with increasing PEG concentration. The reswelling phenomenon was suggested
to be caused by a decreasing chi parameter between PEG and NIPAAM, from 0.4 to
nearly 0 for volume fractions of PEG from 0 to 0.6. Thus, PEG acted as a good solvent
due to attractive interactions between PEG and isopropyl groups of NIPAAM, which are
not present on PAGs.34
In our study, we find that the NPs were primarily localized to a region on the
order of a hundred nanometers, called the primary cage. We attribute this to the NPs
having attractive interactions with the polymer chains, which causes them to attach and
move with the polymer chain. NPs that detach from the polymer chains remain localized
by the mesh network, which results in probing a larger secondary cage. A small number
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of NPs, 10% in the intermediate and high swelling gels, escape the secondary cage and
move through the network until becoming localized again. This image of an interaction
cage and a network confinement cage is consistent with a primary cage that changes only
slightly, but a secondary cage that grows with decreasing polymer or crosslinker content,
as seen in Figure 4.5.

4.2.2.2 Effect of Temperature on NP Mobility in Intermediately Swollen Gels
The intermediately swollen gel was selected for temperature dependence studies
of NP mobility. Figure 4.6a-d displays the spatial coverage of the NP trajectories within
the gel as a function of temperature. Below the VPTT, increasing temperature increased
the spatial coverage of the NPs, however, above the VPTT, the spatial coverage of the
NPs decreased. Lines are color coded from blue to red with increasing initial value of
MSD (0.04 s). The green and blue centers of Figure 4.6a-d show the generally localized
behavior of the NPs, with red and yellow curves, predominantly located in b and c,
depicting the trajectories of further moving NPs. The majority of NPs in the intermediate
swelling gel at 22˚C were localized within a 200 nm radius. As temperature increased, the
majority of NPs were localized within a radius of 260 and 350 nm at 25 ˚C and 30 ˚C,
respectively, with a few trajectories moving distances further than 1500 nm. At 37˚C,
near the VPTT, the majority of NPs trajectories were again confined to a radius of 200
nm. Overall, NPs could move greater distances with increasing temperature until above
the VPTT. Quantitatively, the effect of temperature can be determined by the NP MSD
curves, Figure 4.6e-h. As temperature was increased, a greater number of faster and
further moving NPs were identified, indicated by the greater number of yellow and red
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MSD curves. The average MSD value at 0.4 s was 103.4, 103.5, 103.7, and 103.3 nm2 at 22,
25, 30, and 37 ˚C, respectively. While swelling decreased monotonically as temperature
increased, the mobility of the NPs increased as temperature approached the VPTT, and
decreased at temperatures above the VPTT.

Figure 4.6: Trajectories of NPs in the intermediate swelling gel at (a) 22˚C, (b) 25˚C, (c)
30˚C, and (d) 37˚C which have been initial location centered at (0,0). MSDs for
individual tracks as a function of time in intermediate swelling gel at (e) 22˚C, (f) 25˚C,
(g) 30˚C. (h) 37˚C. Color coding is by the value of MSD at t =0.04 s. (showing N≈1,000).
The increase in ensemble NP mobility with increasing temperature prior to the
VPTT can also be seen in the average MSD curves of Figure 4.7. The single curve at
each temperature is the average of the many MSD curves shown in Figure 4.6e-h. The
ensemble MSD at 0.4 s was 3860 (622) nm2 at 22 ˚C. As temperature increased, the MSD
value increased to 6695 (822) and 11445 (1072) nm2 at 25 and 30 ˚C, respectively. Above
the VPTT, the ensemble MSD was reduced to below that of the NPs in the room
temperature (22˚C) gel; at 37 ˚C, the MSD value decreased to 2835 (532) nm2. Also as
temperature approached the VPTT, the ensemble MSD curves became less subdiffusive,
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as indicated by the slope, α. The α value changing from 0.13 at 22 ˚C to 0.35 at 25 and 30
˚C. At 37 ˚C, the α value decreased to 0.12. NPs within NIPAAM gels at temperatures
higher than the VPTT showed slower and more localized motion, despite the substantial
increase in temperature, which would increase the mobility of NPs moving by StokesEinstein diffusion.

Figure 4.7: Ensemble NP MSD for intermediate swelling gels at 22˚C (blue), 25˚C
(purple), 30˚C (orange), 37˚C (red). Increasing temperature increased the ensemble MSD
prior to the VPTT.
For NPs within the intermediate swelling gel, the van Hove displacement
distributions as a function of temperature are shown in Figure 4.8. For each temperature,
the displacement distributions at 0.08 and 1 s are shown in blue and red, respectively.
Figure 4.8a shows that the majority of the displacements are small, indicated by the high
probability, and larger displacements occur with decreasing likelihood. The increased
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displacements of NPs with increasing temperature from 22 to 30˚C can be seen from
Figure 4.8a to c. At 22˚C, the largest displacements at 1 s are just over a 200 nm, while
at 30˚C the largest displacements at 1 s are greater than 400 nm. Additionally, at
temperatures below the VPTT, NP displacements are time dependent, shown by the
spread of the distributions increasing from 0.08 s (blue) to 1 s (red). At intermediate
times, the distributions followed the same trend, but were removed from the graphs for
clarity. Above the VPTT, however, the displacement distribution shows negligible time
dependence, seen by the overlapping blue and red data, and smaller displacements. The
largest displacements at 1 s again reached just over distances of 200 nm. Interestingly,
despite the 15˚C increase in temperature, the 10 nm NPs were confined similarly at 22
and 37 ˚C. As a reference, if the NPs were moving by Stokes-Einstein diffusion in water,
the diffusion coefficient would be 1.45 times greater at 37 ˚C than 22 ˚C.
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Figure 4.8: Van Hove distributions of NPs in the intermediate swelling gel at (a) 22˚C,
(b) 25˚C, (c) 30˚C, and (d) 37˚C at 0.08 (blue) and 1 (red) s.
The displacement distributions were fit with Gaussian functions to determine the
cage size from the FWHM. For temperatures below the VPTT, the distributions were best
fit by double Gaussians as determined by r2 value and position of the center peak (a
comparison of fit quality is shown in Table 4-2). Figure 4.9 shows the primary (solid)
and secondary (crosshatch) cage sizes of the displacement distributions of NPs at 22, 25,
30, and 37˚C at 0.08 and 1 s. At 22˚C, the primary cage increased from 81 to 99 nm at
0.08 and 1 s, respectively, while the secondary cage increased from 152 to 200 nm over
the same time range. As temperature was increased, the primary cage size changed very
little, only 20 nm over the entire temperature range. The secondary cage, however,
increased both with temperature and time. For example, the secondary cage at 1 s
increased from 200 at 22˚C to 293 at 30˚C. Additionally as temperature was increased,
though still a minority, more NPs could escape the secondary cage, increasing from 11%
at 25 ˚C to 14% at 30 ˚C. Whereas the swelling decreased from 22 to 30 ˚C, the mobility
of NPs increased, with secondary cage size increasing on the order of 100 nm. Above the
VPTT, however, NP mobility decreased and became independent of time. At 37 ˚C, the
displacement distributions were well fit by a single Gaussian, which resulted in a primary
cage size of approximately 90 nm at 0.08 and 1 s, because NPs were unable to escape the
primary cage.
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Figure 4.9: Primary (solid) and secondary (crosshatch) cage sizes determined from
Gaussian fitting of displacement distributions of NPs in the intermediate swelling gels at
22, 25, 30, and 37˚C for times of 0.08 (blue) and 1 (red) s.
Example trajectories of NPs in the intermediate swelling gel at 22, 25, 30, and 37
˚C are shown in Figure 4.10. Indicated by the color changing from blue to yellow, the
circles show the path of the NPs with increasing time. The areas of dense circles in the
example trajectories corroborate the cage sizes determined from the FWHM of the
displacement distributions. Figure 4.10a shows a NP trajectory at 22 ˚C which has a
spatial coverage approximately equal to the primary cage size at 1 s of 99 nm. Figure
4.10b shows a NP at 25 ˚C that escaped both the primary and secondary cage of 91 and
215 nm at 1s, respectively, before becoming localized again. Figure 4.10c shows a NP
trajectory at 30 ˚C which also escaped the primary and secondary cages, however re121

localization was not observed before the NP moved out of frame. In Figure 4.10d, the
NP trajectory covers an area approximately equal to the primary cage size at 37 ˚C of 90
nm. Again, these example trajectories show that at temperatures above the VPTT, NPs
are less mobile than at temperature below the VPTT.

Figure 4.10: Example trajectories in the intermediate swelling gel at (a) 22˚C, (b) 25˚C,
(c) 30˚C, and (d) 37˚C.(a) and (d) display typical caged NP trajectories. (b) and (c) show
trajectories of NPs that escaped the secondary cage, which were 215 and 293 nm at 1 s,
respectively. The color scale is time (s) with NP trajectories beginning in blue and ending
in yellow for times of 1.2, 1.2, 1.8, and 1.4 s for a-d, respectively. Dashed circles guide
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the eye toward the cages, regions in which many small displacements were taken by the
NP.
From SPT analysis, the differences in size between the calculated mesh sizes and
the primary and secondary cages determined was apparent. While theory and scattering
studies usually determine gels meshes to be on the order of tens of nanometers5,

7, 35

,

studies that use NPs probes or study their diffusion often find the meshes to be larger, on
the order of the cage sizes found in this study6, 32, 33. The intrinsic heterogeneity of the gel
structure likely explains the discrepancy. As discussed in the introduction, spatial
heterogeneity within the gel network is caused by fluctuations in polymer and crosslinker
content at the time of gelation. The secondary cage sizes in this study do, however,
correspond well to the 120 nm mesh size measured by DLS of a gel of similar crosslinker
and polymer content6. Likely, the theoretical and SANs mesh sizes well describe regions
of high polymer and crosslinker content, while the cage sizes determined here describe
more open regions within the network.
In addition to the increase in the secondary cage size with decreasing polymer
and crosslinker content, we observed that the secondary cage size increased as the VPTT
was approached. As temperature increased, two competing forces impacted the cage size,
macroscopic deswelling and thermal energy. Thermal energy should increase the cage
size as temperature increases, whereas the macroscopic deswelling of the gel would be
expected to decrease the secondary cage size by at least 15 nm as it is related to the
network mesh (Table 4-1). A study on the electrophoretic mobility of gold nanorods in
NIPAAM, found that just prior to the VPTT, nanorods moved more quickly due to
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spinodal decomposition of the gel into polymer rich and solvent rich phases6. Here, we
find that on average NPs move more quickly as the VPTT was approached as well, and
postulate that a similar phenomenon is happening. We visually observed a change in the
turbidity of the gels as the VPTT was approached (not shown), which is indicative of
phase separation.36 As separation of the gel into polymer and solvent rich domains
occurs, NPs which are localized in regions with higher polymer concentration remain
confined by the primary cage. However, NPs which are localized within regions of more
open network within the gel can move more due to the increased solvent in that region,
driving the increase in the secondary cage. Ultimately, however, the macroscopic
deswelling and collapse of the gel dominates. Above the VPTT at 37˚C, NPs are
localized to a cage smaller than at room temperature despite the increased thermal
energy. The behavior of the NPs with increasing temperature is shown schematically in
Figure 4.11. On the left, the gel, at 22˚C, is fully swollen, and the NPs are moving in a
caged manner due to interactions with the polymer chains and the network confinement.
The cages are schematically indicated by the dashed black circles. The center panel
depicts the NPs behavior from 25-30˚C. As the gel begins to contract macroscopically,
the NPs within the regions of lower polymer density experience a larger secondary cage,
or the mesh. Additionally, a few NPs escape the secondary cage to eventually become
localized within another mesh. On the right, the system is at 37˚C, above the VPTT, the
gel network has collapsed, and the NPs are caged by the collapsed network.
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Figure 4.11: Schematic of the changes in mesh and NP mobility with increasing
temperature. On the left, the system is at 22˚C, the gel is fully swollen, and the NPs are
primarily moving in a caged manner due to interactions with the polymer chains and the
mesh network, indicated by the dashed black circles. In the middle, the system is at 2530˚C, where macroscopically the gel is contracting, while nanoscopically, the mesh is
larger in polymer poor regions and smaller in polymer rich regions. NPs are either still
caged due to interactions and confinement or escaping the mesh network to become
localized elsewhere. On the right, the system is at 37˚C, above the VPTT. the gel network
has collapsed, and the NPs are caged due to the collapsed network.
4.3

Conclusion
The mobility of NPs functionalized with PEG brushes within NIPAAM gels that

display a VPTT near body temperature was studied as a function of the swelling ratio of
the gel. The swelling ratio was tuned by polymer and crosslinker content and by
temperature. From our analysis, NPs were mainly localized within two cages, a narrow
primary cage due to interaction between the PEG brush and NIPAAM chains, and a
125

broader secondary cage due to network confinement. Our results show that increasing
either polymer or crosslinker content resulted in a decreased swelling ratio, NP mobility,
and secondary cage size. Of particular interest is how the cage size was influenced by
temperature and the VPTT of these responsive gels. Increasing temperature below the
VPTT resulted in increased NP mobility, secondary cage size, and percentage of NPs that
could escape the secondary cage. Above the VPTT, however, NP mobility became
independent of time, indicating fully localized motion, and only a primary cage was
observed due to the collapse of the gel. Interestingly, despite the 15˚C increase in
temperature, 10 nm NPs were completely localized above the VPTT. Gaining a holistic
picture of gel structure and NP mobility within gels will aid in the development of
materials for biomedical applications, such as injectable hydrogels where the diffusion
and interaction with nanoscale drugs underpins performance.
4.4

Materials and Methods

4.4.1

Materials
N-isopropylacrylamide monomer (C6H11NO), N,N’-methylenebis(acrylamide),

N,N,N’,N’-Tetramethylethylenediamine
persulfate,

dichlorodimethylsilane

(TEMED),

(DCDMS),

and

glutaraldehyde,

ammonium

3-aminopropyltriethoxysilane

(APTES) were purchased from Sigma and were used as received.
4.4.2

Gel Preparation
Coverslips and glass slides were piranha (7v/3v sulfuric acid to hydrogen

peroxide) cleaned. Glass slides were made hydrophobic, preventing adhesion of
NIPAAM hydrogels, through overnight exposure to 1 mL DCDMS. Coverslips were
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surface functionalized for 6 hrs minimum at 70 °C via 1 mL APTES. Coverslips were
then incubated in 0.5% v/v glutaraldehyde to water. NIPAAM gels were produced by free
radical polymerization using bis as a hydrophilic crosslinker.17 Solutions of NIPAAm/bis
were prepared in water with varying concentrations well above the gelation threshold of
100-150 mM NIPAAM for bis content of 2-5 mM.37 The three conditions used were
30/0.5 (low swelling), 20/0.5 (intermediate swelling), 20/0.4 (high swelling) which
corresponds to mg/ml NIPAAM/bis. Solutions were chilled for at least 30 min to slow
reaction and increase homogeneity of gels. The solutions were then deoxygenated with
nitrogen for a minimum of 30 s, and 10 µL ammonium persulfate (10 w/v %) and 2.5 µL
TEMED were added per ml solution to initiate crosslinking. 30 µL of the mixed gel
solution were subsequently pipetted onto separate glass slides. Quantum dot NPs (core 4
nm, hydrodynamic diameter 10 nm), Figure 4.12a, were surface functionalized with 5k
PEG as shown in inset and dispersed in water at 0.001-0.025 nM. 0.5 µL were added to
the gel solution. A coverslip was placed on top, causing the gel solution to spread and
form thin 20-40 µm gels over the complete area of the coverslip. Samples were then
exposed to a 100 Watt Spectroline SB-100PX High-Intensity Ultraviolet Lamp at 1 foot
for a minimum of 8 hours. Following gelation, samples were swollen in DI water for 36
hrs. Bulk gel samples were prepared as discs of 25 mm diameter, and swollen in water for
48 hrs before testing.
4.4.3

Swelling Measurements
Bulk gel samples were swollen in a DI water bath at the appropriate temperature

(22-40 °C) using a Fisher Scientific Isotemp system for a minimum of 12 hrs. Gels were
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transferred to a dry glass container and weighed to determine swollen weight at each
temperature. Swelling ratio was calculated as follows,

(4-5)

where wd represents the dried weight of the gel at the highest temperature (40 °C) and
thus minimal swelling, and wt represents the swollen weight of the gel at each
temperature.
4.4.4

Single Particle Tracking and Analysis
A Nikon Eclipse Ti inverted optical microscope with a 100x 1.49 NA objective on

an optical table was used to perform the SPT experiments. The QDs were excited with a
532 nm laser beam. The frame rate was set to 40 ms. Samples were placed in the AFM
Bioheater closed fluid cell as in Figure 4.12b and filled with NP solution. Samples were
then heated to the appropriate temperature, beginning at 22 °C (precision: 0.02 °C.,
accuracy: 0.1 °C). Cover slip and gel surface positions were noted and videos were taken
at positions at least 5 µm from either side of the gel surface. A CCD camera (Cascade512B, Photometrics) was used to collect 40 s videos at a rate of ~25 frames per second.
FIESTA (Fluorescence Image Evaluation Software for Tracking and Analysis), a
MATLAB-based particle tracking software package, was used to extract particle
trajectories from videos through two-dimensional Gaussian fits of fluorescence
intensity38. Conditions for particle tracking were as follows: FWHM of the fluorescence
intensity profile was initialized at 900 nm, ~8 pixels, 8 frame minimum, 4 frame break
allowable. Post processing removed trajectories where the error was greater than 25 nm
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over the entire trajectory and those that contained jumps larger than 2000 nm (i.e. linking
nearby particles). Experimental drift was less than positioning error as determined by
imaging immobilized NPs.
The publicly available MATLAB program, msdanalyzer39 was used along with
personally developed MATLAB codes to determine NP’s spatial coverage, MSD, van
hove distributions, and cage sizes. MSD, the expected value for the distance traveled by a
particle in a given amount of time, was calculated according to this equation:

(4-6)
It is notable that the number of tracks decreases as time increases, since all tracks are
initialized at 0 s. Tracks that exist at longer times tend to be representative of particles
that are more localized; since tracks for particles that are more mobile are rarer at longer
times, MSDs at those times are often skewed toward the localized, or immobile, particles.
To prevent bias, we limit our analysis to relatively short timescales (~1 s).

Figure 4.12: (a) TEM micrograph of QD NPs with a core of approximately 4 nm with a
5k PEG brush on the surface, resulting in a hydrodynamic diameter of approximately 10

129

nm. (b) Picture of the AFM Bioheater with the heating element, temperature probe, and
gel locations identified.
4.4.5

Water Glycerol Studies
To verify the functionality of the AFM Bioheater, we measured diffusion of QD

NPs in a water glycerol system with known viscosities. Two weight percents, 85 and 95
wt% glycerol with water, were studied at temperatures between 22 and 40˚C. By
measuring NP diffusion at a range of temperatures, viscosity was systematically varied.
Figure 4.13a shows the spatial coverage and random diffusion of the NPs in 95 wt%
glycerol with water at 35˚C; Figure 4.13b shows the MSD curves which are linear with
time as expected for random diffusion in a homogeneous medium. Extraction of diffusion
coefficients, Figure 4.13c, resulted in a linear relation with viscosity. This is expected
due to the Stokes-Einstein law of diffusion, D ∝1/η, and confirmed the functionality of
the Bioheater. Additionally, the estimated diffusion coefficients allow us to obtain
estimates for the hydrodynamic radius of our particles, which were ~10 nm.
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Figure 4.13: (a)Trajectories and (b) MSD curves of NPs in 95 wt% glycerol with water
at 35˚C initial location centered at (0,0) showing random diffusion with linear
dependence on time. (c) Diffusion coefficients as a function of viscosity, η, showing
inverse dependence.
4.4.6

Cage Size Determination
Gaussian distributions were used to extract the FWHM of the displacement

distributions to determine cage sizes at each gel and temperature condition. Table 4-2
shows the FWHM, and the goodness of fit for both single and double Gaussian fittings to
the van Hove distributions. Yellow highlighting shows which fit was chosen as best.
Single Gaussians were chosen over double Gaussians if the goodness of fit was not
substantially improved or if the second standard deviation was less than the first.
Table 4-2: FWHM, and goodness of fit for single and double Gaussian fitting to the van
Hove distributions for each gel type and temperature.
Single Guassian
Temperature FWHM
2
Sample
Time (s)
r
(˚C)
(nm)
Low
0.08
22
78
0.996
1
79
0.9942
Intermediate 0.08
22
106
0.9959
1
116
0.9967
0.08
25
104
0.9921
1
114
0.9929
0.08
30
116
0.9884
1
133
0.9838
0.08
37
88
0.9969
1
94
0.9956
High
0.08
22
124
0.9935
0.4
139
0.9907
1
144
0.9879
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Double Guassian
FWHM FWHM
2
r
(nm)
(nm)
77
42
0.9966
77
54
0.9953
81
152
0.9996
99
200
0.9997
79
176
0.9995
91
215
0.9996
84
205
0.9995
100
293
0.9994
86
59
0.998
92
63
0.997
89
187
0.9996
103
239
0.9995
100
242
0.9996

Figure 4.14: Example Gaussian fits of displacement distribution at 1 s of NPs in the
intermediate swelling gel at 30 ˚C where (a) is the single Gaussian fit and (b) is the
double Gaussian fit.
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Chapter 5:

Non-Gaussian behavior of Nanoparticle Diffusion
during Gelation of Tetra Poly(ethylene glycol) Gels

135

5.1

Introduction
Hydrogels, three-dimensional hydrophilic polymer networks, are used in

applications spanning the everyday, such as contact lenses and diapers, to the cutting
edge, such as regenerative scaffolds and drug delivery systems. Controlling the structure
of the gel is key to achieving consistent properties in these applications. Conventional
hydrogels have structural heterogeneity that is intrinsic to their gelation; fluctuations in
chain arrangement become immobilized by crosslinking. Since homogeneity in gels is
atypical, many researchers have sought to controllably crosslink gels to achieve
homogeneous networks1,

2, 3, 4

. Tetra-polyethyleneglycol (TPEG) gels are of particular

interest because of their tunable arm lengths, high mechanical strength compared to
conventional gels1,3, and homogeneous structure2, 5, 6. These novel gels were designed by
Takai and coworkers3 and their structure has been studied via small angle neutron
scattering (SANS)5, static light scattering6, and dynamic light scattering3. More recently,
TPEG gels have been modified to allow for swelling in ionic liquids for use as polymer
electrolytes4,

7

and to impart self-healing abilities for biomedical usage8. Applications

such as injectable drug delivery systems and selective membranes require precise release
and immobilization of nanoscale molecules which depends strongly on the size and
heterogeneity of water swollen pores. Thus, understanding how nanoparticles (NPs)
diffuse within TPEG networks and determining how the structure evolves during gelation
will aid in the design of these systems.
TPEG gels are formed by the crosslinking of two disparately terminated fourarmed star polymers of equal molecular weight. The termination chemistries, often amine
and ester functionalities as used in this study, can only react with each other, not
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themselves, which promotes homogeneity, as loops of the same macromonomer cannot
be formed. The chain length between crosslinks is fixed by the arm lengths, which also
contributes to the homogeneity in mesh structure.1 Using infrared measurement, Akagi
and coworkers9 found that the extent of reaction was close to 0.9 for initial TPEG
concentrations in the range of 40 to 140 mg/mL, indicating the efficacy of the reaction
between end groups. Kurakazu and coworkers10 found that homogenous mixing was
important for forming homogenous gels. At high pH, too many amines are activated,
resulting in crosslinks forming before macromonomers are fully mixed. At too low pH,
activated ester groups disassociate before enough amines are activated, preventing
crosslinking. Thus, the most homogeneous gels are formed at intermediate pH, when
mixing is optimal. Alternatively, it has been suggested that initial mixing is unimportant,
as the prepolymers are mixed homogenously just after initiation and react with their
neighbors.1 Using rheometry of off stoichiometric mixtures of TPEG macromonomers in
the sol or gel state, Sakai and coworkers11 found that a higher reaction extent was needed
to form a gel in dilute solution, which indicates that lattice based gelation models are not
applicable in the dilute regime. As the mechanism of gelation is suggested to lead to the
homogeneous structure, understanding the gel mechanism and kinetics is critical to
determining the origin of the homogeneity.
Particle tracking microrheology has been used to study the gelation of a wide
variety of network forming polymers.12,

13, 14, 15

Larsen and Furst12 first used video

particle tracking of 1 µm particles to determine the gel time of an amphiphilic β-hairpin
peptide, 80 minutes, and the bisacrylamide content needed to form a gel of acrylamide,
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0.06 %. Similarly, this technique was used to determine a “gelation map” of varying
molecular weights of PEG-Heparin hydrogels by identifying a critical logarithmic slope
of the mean squared displacement (MSD), 0.45, which separated sol from gel state.14
Micron scale particles can be used to determine ensemble properties, such as the sol-gel
transition and the pore size, of gels with networks smaller than the size of the particle, but
are often too large to characterize heterogeneity in the network.
While previous studies clarify the chemical reaction mechanism of TPEG gelation
and the final structure,1,

6, 10

they do not provide information about the homogeneity of

the environment during gelation or the impact of polymer concentration on gelation
kinetics. In this study, single particle tracking (SPT) of 10 nm PEG grafted NPs was used
to examine the gelation of succinimidyl glutarate (TPEG-SG) and amine (TPEG-A)
terminated 20kDa TPEG stars, which have average mesh sizes of approximately 3 to 6
nm in the gel state for polymer concentration of 40 to 20 mg/mL.5 As concentration was
decreased from 40 to 20 mg/mL, the time until gelation, tgel, (i.e. sol-gel transition)
increased as determined by rheometry. From SPT during gelation, NP mobility and NP
spatial coverage increased as polymer concentration decreased in the sol state. Once in
the gel state, NP mobility decreased, and NP motion became sub-diffusive and eventually
localized in all concentrations. We determined the MSD and displacement distributions
as a function of increasing time after solutions were mixed, tmix. Unexpectedly, in these
homogeneous gels, the onset of sub-diffusivity was marked by a spike in dynamic
heterogeneity, indicating different local environments coexist at the time of the spike. We
propose a gelation mechanism in which clusters initially form a heterogeneous structure
which fills in, resulting in a homogenous network. Ultimately, this work aims to examine
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the kinetics of TPEG gelation and the homogeneity of these novel gels on the nanometer
scale, which will aid in the implementation of these gels in biomedical or filtration
applications.
5.2

Materials and Methods

5.2.1

Materials
Tetra-polyethylene glycol (TPEG) macromeres (20kDa) terminated with

succinimidyl glutarate (TPEG-SG) and amine (TPEG-A) functionalities were purchased
from Creative PEGWorks.
5.2.2

Rheometry
Rheometry was performed on a TA Instruments RFS using a 50 mm cone plate

geometry. Equal amounts of TPEG-A and TPEG-SG were mixed on the rheometer plate.
Data collection began two minutes after mixing (t = tmix + 2) due to experimental setup
requirements. Oscillatory time testing was performed at 10 rad/s and 1% strain for 2-3
hours.
5.2.3

Nanoparticle Modification
Quantum dots (CdSe core/ ZnS shell) with oleic acid ligands on the surface were

exchanged with 5 k PEG brushes as follows. Thiol terminated PEG was dissolved in
heated toluene (35˚C, 30 mg/ nM). Quantum dots were then added to the toluene and the
solution was mixed overnight. Hexane was added to the toluene to aggregate the quantum
dots, which were then centrifuged at 8500 rpm for 10 minutes. The supernatant was
removed and the pellet was dried to remove residual organic solvent. Water was then
added (10 mL) to resuspend the quantum dots. Centrifugal filters (30 k, 6200 rpm, 20
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min) were used to remove excess free PEG brushes. The presence of PEG brushes on the
surface was confirmed by the particles dispersion in water and the increased separation
between QDs observed in TEM images. The quantum dots’ diffusion in a solution of 90
wt% glycerol in water, which had a viscosity of 0.194 Pa s at 22˚C, was used to
determine the hydrodynamic radius, 10 nm, from the Stokes-Einstein relationship.16
Uniformity and size of NP were verified via TEM images, Figure 5.1b.
5.2.4

Single Particle Tracking
Equal amounts of TPEG-A and TPEG-SG (40, 30, 20 mg/mL) were dissolved in

DI water (pH ~ 6), along with 0.4-0.8 nM quantum dots. Just prior to testing, TPEG-A
and TPEG-SG were mixed on a coverslip and another coverslip was placed on top to
spread the solution over the coverslip. SPT was performed within seconds of mixing (t =
tmix= 0) as described before.16, 17 Briefly, SPT experiments were performed on a Nikon
Eclipse Ti with an inverted optical microscope (×100, 1.49 NA objective) using a 532 nm
laser to excite the quantum dots. A frame rate of 25 fps was used to collect videos every 1
to 5 minutes until NPs had been visually localized for 10 minutes. FIESTA (Fluorescence
Image Evaluation Software for Tracking and Analysis)18 was used to determine particle
trajectories. Two minutes of video were used to collect between 60 and 100 particle
trajectories per time point since mixing. The MSD of each NP was determined using the
MATLAB program, msdanalyzer19. The MSD is the expectation value for the distance
traveled in a given amount of time as shown below, where τi is the time between
positions, r, being compared.
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(5-1)
To evaluate the time dependence of the MSD, Equation 5-2 was used, where α is the
slope of the MSD versus time graph plotted on a log-log scale.

(5-2)
An in-house MATLAB code was used to determine displacement distribution and nonGaussian parameters, as described previously.16,

17

Breifly, displacement distributions

were determined by20

(5-3)
where τi is a specific time interval between positions and x can be changed with y to
obtain displacements along both the x and y axis. The non-Gaussian parameter, Ng,
compares the second and fourth moments of the displacement distributions as follows21

.

5.3

(5-4)

Results and Discussion
TPEG star polymers were studied using rheometry and SPT of PEG

functionalized NPs to determine how the structure evolved and how NPs diffused within
TPEG networks during gelation. The 20kDa precursor macromonomers, TPEG-A and
TPEG-SG, shown in Figure 5.1a, were terminated with either amine (A) or succinimidyl
glutarate (SG) functionalities, prohibiting self-crosslinking. The macromonomers were
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mixed in DI water (pH ~ 6) at stochiometric ratios to form gels via an aminolysis
reaction.1 Three concentrations were used, 40, 30, and 20 mg/mL, to understand the
impact of concentration on gelation kinetics and the resulting microenvironments.
Rheometry was used to identify the gel point, tgel. SPT was performed using quantum dot
NPs with 5kDa PEG brushes, Figure 5.1b, which were added to the TPEG solution prior
to mixing. NP trajectories during gelation were analyzed by their spatial coverage, MSD,
time dependence of the MSD, and displacement distribution. As expected, increasing
concentration decreased tgel, and NP mobility and spatial coverage in the sol state.
Unexpectedly, however, regardless of concentration, NPs become localized within the gel
after tgel and exhibit non-Gaussian dynamics at intermediate times.

Figure 5.1: (a) Schematic and chemical structure of TPEG macromers with amine (A) or
succinimidyl glutarate (SG) functionalities and the proposed resulting homogeneous
mesh formed in the gel state. (b) TEM image, scale bar 20 nm. The inset schematic
shows quantum dot NP core diameter (4 nm) and PEG brush which combine to yield a 10
nm hydrodynamic diameter.
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5.3.1

Rheometry of TPEG hydrogel during gelation
Oscillatory rheometry (10 rad/s, 1% strain) experiments were performed with the

three TPEG concentrations, 20, 30, and 40 mg/mL, to determine the tgel. Figure 5.2
shows the time dependence of the storage, G’, and loss, G’’, moduli as a function of
increasing TPEG concentration. Measurements began two minutes after TPEG-A and
TPEG-SG were mixed (t = 2 min) to allow for experimental setup. For the 20 mg/ml
sample, Figure 5.2a, G’ was initially smaller than G’’. A crossover occurred at 0.1 Pa, 44
minutes after tmix, when G’ became larger than G’’, and then rapidly increased. This
transition was taken as tgel. The 30 mg/ml sample also initially had a smaller G’ than G’’,
Figure 5.2b. However, G’ became larger than G’’ after only 17 minutes after tmix at a
modulus value of 0.9 Pa. At the highest concentration, 40 mg/ml, G’ is always larger than
G’’, Figure 5.2c, and thus tgel for this system was taken to be less than 2 min. For all
concentrations, G’ increased with increasing t. The value of G’ at t = 2 minutes increased
by two orders of magnitude, from 0.02 to 1 as the concentration increased from 20 to 40
mg/mL. Rheometry experiments on TPEG systems with various terminal groups report
moduli in the range of 0.1 to 1 Pa for the sol state.1,

4, 8

Additionally, for hydroxyl end-

functionalized TPEG polymers, the storage and loss moduli crossover was observed
between 0.1 to 1 Pa for different pH values over times ranging from 0 to 2,000 s, similar
to the crossover locations observed in this study.8
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Figure 5.2: Temporal evolution of the storage, G’ (blue), and loss, G’’ (red), moduli
from oscillatory cone plate rheometry (10 rad/s and 1% strain) for (a) 20 mg/mL, (b) 30
mg/mL, and (c) 40 mg/mL TPEG samples. The crossover of G’ and G’’ denotes the gel
point, tgel. Data comes from one sample, but is representative of at least two separate
measurements.
5.3.2

SPT and MSD of TPEG polymer during gelation
After identifying the tgel with rheometry, SPT was performed using 10 nm

quantum dot NPs functionalized with 5kDa PEG brushes. Figure 5.3 shows the evolution
of the NP trajectories with t for TPEG concentrations of 40 mg/mL (red box), 30 mg/mL
(blue box), and 20 mg/mL (orange box). Video collection began within seconds of
mixing TPEG-A and TPEG-SG, t = 0. All trajectories were initialized at the (x,y)
position (0,0) so that trends in overall spatial coverage could be observed. For the 40
mg/mL samples, t = 10, 20, and 25 minutes show the decreasing trajectory lengths with
increasing time since tmix. Similarly, the NP trajectories are additionally shown at t = 40
and 40, 90, and 105 minutes for the 30 and 20 mg/mL samples, respectively, to display
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the complete evolution of NP trajectories as t increased. At t = 10 minutes, NPs were able
to cover distances greater than 2.5 µm at all concentrations. As time after t mix increased,
the spatial coverage of the NPs decreased in all concentrations. In the 40 mg/mL sample,
most NPs traveled less than 1 µm at 20 min, whereas this limitation in trajectory length
did not occurred until longer times as concentration decreased, t = 25 and 70 minutes for
30 and 20 mg/mL, respectively. At long enough times, NPs became localized in all
concentrations. The time after tmix until localization of the NPs increased with decreasing
polymer concentration. Specifically, NPs became localized at t = 25 min, 40 min, and 105
min in the 40, 30, and 20 mg/mL samples, respectively. For all concentrations, these
times are longer than tgel determined from rheometry, namely 2, 17, and 44 minutes,
respectively. Interestingly, NPs were even able to move distances greater than 2.5 µm at
times longer than tgel determined from rheometry. This likely indicates that the initial
network formed was very open, with mesh sizes larger than the hydrodynamic diameter
of the NPs, 10 nm.
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Figure 5.3: SPT NP trajectories in 40mg/mL (top red box), 30 mg/mL (middle blue box),
and 20 mg/mL (bottom orange box) TPEG samples plotted in XY space (-2.5µm x
2.5µm). The time since tmix is listed across the top in the grey box. Different colors
represent different individual trajectories.
MSD curves give the average squared displacement of the NPs from their initial
positions as a function of time, τ. By comparing MSD plots, the evolution of the spatial
coverage of NPs with time since tmix can be quantified. This study involves two time
increments, the time since tmix, t, which is measured in minutes, and the time along the
MSD curves, τ, which is measured in seconds. The ensemble averaged MSD (mean
MSD) at a series of times after tmix for each concentration are shown in Figure 5.4a-c. In
each graph of Figure 5.4a-c, the magnitude of the mean MSD curves decreased with
increasing time since tmix, light blue curve to red curve. Additionally, for all
concentrations, the slope of the mean MSD line also decreased with increasing time since
tmix. As shown in Equation 5-2, the time dependence of the MSD is designated by α,
which is given by the slope in the log-log plots of Figure 5.4. For the 20 mg/mL sample,
Figure 5.4a, the slope of the mean MSD at t = 10 minutes (light blue) is 1, indicating
random diffusive motion of the NPs; at t = 105 minutes, the slope decreased to 0.58,
indicating confined motion of the NPs. Similarly, at t = 10 minutes, the MSD curves of
the 30 and 40 mg/mL samples had slopes of approximately 1, while at the longest times
shown, 40 and 25 minutes, the slopes were 0.4 and 0.2 for the 30 and 40 mg/mL samples,
respectively.
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Microrheological measurements of the sol-gel transition have used changes in the
slope of the MSD to identify the gel point. A critical α value can be determined that
separates the sol MSD curves from the gel MSD curves.12,

13

However, this value can

change from system to system, making the precise gel point elusive.15 The suggested
critical α values range from 0.45 to 0.6.12, 13, 14, 15 In our system, the transition to α values
less than 0.6 occurs after the gel point determined from rheometry for all concentrations.
Thus, even in the gel state NPs were able to move diffusively and the network does not
cause sub-diffusive movement of the NPs until after the gel point.

Figure 5.4: Mean MSD curves with increasing time since mixing of (a) 20 mg/mL, (b)
30 mg/mL, and (c) 40 mg/mL TPEG samples. Color denotes early (sol) and late (gel)
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times from blue to red, respectively. Slopes decrease with increasing time. Both x and y
axes are the same scale in all three graphs. Light grey dashed line indicates τ = 0.4 s.
MSD values from all NP trajectories at this τ are evaluated in Figure 5.5.
Since gelation is a dynamic process, NPs may explore different local
environments as the system evolves. Whereas Figure 5.4 represents the ensemble
average mobility, quantifying the behavior of individual NPs allows for the presence of
different environments to be identified and provides further insight into the nature of the
environment sampled by NPs. For each concentration, Figure 5.5 shows the distribution
of MSDs at τ = 0.4 s for three times since tmix to display the full range of NP behavior.
The times were chosen as follows: a time shortly after tmix (t =10 minutes), a time past the
rheometric tgel (t = 70, 27, 15 minutes for 20, 30, and 40 mg/mL samples, respectively),
and a time just before NP localization as determined from SPT, Figure 5.3, (t = 95, 37,
21 minutes for 20, 30, and 40 mg/mL samples, respectively). For the 20 mg/mL sample,
the average values of the MSD distributions decreased by almost an order of magnitude
at t = 10 and 70 minutes from 106 nm2 (10002 nm2) to 105.2 nm2 (3982 nm2), respectively,
and then again from 70 to 95 minutes to a value of 104.6 nm2 (2002 nm2). Despite the 60
minute time difference between 10 and 70 minutes, which correspond to times before and
after the rheometric tgel, some MSD values overlap. Additionally, MSD values overlap
between the t = 70 and 90 minute populations. In the 30 mg/mL sample, from t = 10 to 37
minutes, the distribution center decreased from 105.7 nm2 (7082 nm2) to 103.7 nm2 (712
nm2). Similar to the 20 mg/mL sample, at the middle time point, t = 27 minutes, which
corresponds to 10 minutes after the rheometric tgel, the MSD values overlap with both the
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shorter and longer time populations. In the 40 mg/mL sample, from t = 10 to 21 minutes,
the distribution centers decreased from 105.6 nm2 (6312 nm2) to 103.5 nm2 (562 nm2). At
the intermediate time, t = 15 min, the distribution extends from 103 (322 nm2) to 105.5 nm2
(5622 nm2). For each sample concentration at the intermediate times shown in Figure 5.5,
NPs moved both nearly as fast as short time mobilities and as slow as long time
mobilities. This corresponds to mobilities characteristic of both NPs within the pre-gel
sol state, and in the developed network, near localization. This likely indicates that the
environment the NPs sampled varied the greatly at this intermediate time.
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Figure 5.5: Histogram of MSDs at τ = 0.4 s for (a) 20 mg/mL TPEG sample at t = 10, 70,
and 95 minutes, (b) 30 mg/mL TPEG sample at t = 10, 27, and 37 minutes, and (c) 40
mg/mL TPEG sample at t = 10, 15, and 21 minutes. X axis is the same scale for a-c.
5.3.3

NP displacement distributions in TPEG polymer during gelation
To gain further insight into the origin of the variations in MSD values observed in

Figure 5.5, displacement distributions were calculated as described in Equation 5-3. The
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displacement distributions describe the probability that a particle moves a distance along
one direction within a specific time interval, τi, and are a robust measure of the variation
in local environment. Specifically, the distributions allow for the structural
nanoheterogeneities on the length scale of the NP size to be measured. In a spatially
homogeneous media, displacement distributions will exhibit Gaussian functionality.
However, if different local environments exist within the media, the displacement
distributions will deviate from a Gaussian function. At each concentration, displacement
distributions were determined for τ = 0.04 to 1 s at a time interval of 0.04 s from t = 0
until localization of the NPs, 105, 40, and 26 for 20, 30, and 40 mg/mL samples,
respectively (not shown). Figure 5.6 shows displacement distributions at τ = 0.08, 0.4,
and 1 s for NPs in a 30 mg/mL sample at t = 10, 27, and 37 minutes, the same times as
shown in Figure 5.5b. At t = 10 minutes, the displacements exhibited a Gaussian
distribution and increased as τ increased from 0.08 (blue) to 1 (black) s, with the largest
displacements increasing from approximately 1000 nm to 2000 nm over this time range.
At t = 27 minutes, the displacement distributions also increased with increased time.
However, the distributions exhibited a broader tail than would be expected from a
Gaussian distribution. At t = 37 minutes, the displacements showed little time
dependence, with largest displacements of approximately 175 nm, but returned to a
Gaussian distribution. The non-Gaussian behavior at intermediate times, i.e. t = 27
minutes, indicated that NPs experience heterogeneous local environments, likely due to
variations in mesh.
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Figure 5.6: Displacement distributions of 30 mg/mL TPEG sample at t = (a) 10, (b) 27,
and (c) 37 minutes measured at τ = 0.08 (blue), 0.4 (red), and 1 (black) s. To aid
visualization of data, the x-axis values decrease from ± 2000 to ± 200 nm from a to c. Yaxis values are the same from a to c.
The non-Gaussian parameter, Ng, determined from Equation 5-4 can be used to
quantify the deviation from Gaussian behavior.21 Ng is a comparison of the breadth of the
distribution to its variance and describes the extent of heterogeneity in dynamics within
the ensemble. An Ng value of 0 represents Gaussian behavior, whereas higher values of
Ng represent greater deviations from Gaussian behavior. Figure 5.7 shows the Ng values,
plotted in blue, as a function of time since tmix for each concentration. The representative
error bars shown were determined from the standard deviation of the Ng values between τ
= 0.04 and 1 s. Also shown in Figure 5.7 are the average α values, plotted in red, for each
time, t, since tmix. The average α values were determined from fitting the slope of the
MSD for all trajectories to determine the average time dependence. The representative
error bars are the standard deviation from the average. For the 20 mg/mL sample, Figure
5.7a, the α value remained approximately 1 from t = 5 to 65 minutes, then decreased from
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t = 65 to 105 minutes to a value of 0.6. The Ng values of the displacement distributions
increased gradually as t increased from 5 to 60 minutes, from a Ng value of 0.02 to 0.15.
At t = 65 minutes, Ng spiked to 0.7, before returning to 0.24 at 70 minutes. From t = 75 to
105 minutes, the Ng value increased from 0.1 to 0.46, as the NPs became localized based
on the spatial coverage, Figure 5.3. In Figure 5.7b, the 30 mg/mL sample, the α value
remained approximately 1 from t = 5 to 20 minutes, then decreased from t = 23 to 40
minutes to a value of 0.5. Again, the Ng values increased slightly with increasing time,
but were less than 0.5, except from t = 25 to 29 minutes when the value increased to 1.3.
As the NPs reached their terminal mobility, the Ng value approached 0.4. In Figure 5.7c,
the α value was approximately 1 from t = 10 to 15 minutes, then decreased to 0.57 at 26
minutes. In this sample, a spike in Ng was observed at t = 19 minutes to a value of 2.2,
whereas at all other times, the Ng value was less than 0.3. When the NPs were localized,
the Ng value was approximately 0.24. These experiments were repeated on different days
and similar values of Ng and α were determined. For example, in the repeated 40 mg/mL
sample the Ng value jumped from 0.7 to 1.2 at t = 14 and 16 minutes, respectively, then
dropped to 0.22 at 20 minutes. The trends in Ng values were also confirmed by
comparison of least squared regressions of quartile-quartile plots for a normal distribution
(see Section 5.5).
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Figure 5.7: Non-Gaussian and α parameters as a function of time since mixing for (a) 20,
(b) 30, (c) 40 mg/mL TPEG samples. Representative error bars for Ng come from the
standard deviation from the average of values between τ = 0.04 and 1 s. Error bars for α
come from the standard deviation. Grey dashes outline time period of spike in Ng. Note
that the x and y axis are different in the three plots.
Two common trends are present in Figure 5.7 for each concentration, a change in
α from diffusive to sub-diffusive behavior, and non-monotonic behavior in Ng. Initially
after mixing, NPs moved diffusively at all concentrations. As time increased, NP motion
transitioned to sub-diffusive behavior, with the transition occurring at longer times with
decreasing concentration. The α value decreased to less than 1 at t = 16, 23, and 65
minutes for 40, 30, and 20 mg/mL samples respectively. This decrease occurred at times
longer than the rheological tgel. For each concentration, Table 5-1 lists tgel determined
from rheometry, as well as key time points identified from SPT. With increasing
concentration, the spike in Ng also occurred at increasing times. The spike occurred
almost concurrent with the onset of sub-diffusive behavior, at t = 19, 25, and 65 minutes
for 40, 30, and 20 mg/mL samples, respectively. Additionally, the final value of Ng
155

decreased with increasing concentration, 0.46, 0.4, and 0.24 for 20, 30, and 40 mg/mL,
respectively. The high homogeneity of the final network of the 40 mg/mL sample is in
agreement with SANS studies which found 40 mg/mL to be the overlap concentration for
20k TPEG stars.5 The decreasing final Ng value with increasing concentration likely
corresponds to the increased presence of missing crosslinks within the network as
concentration decreased from 40 mg/mL to 20 mg/mL.
Table 5-1: Summary of characteristic time points during the gelation of TPEG samples at
concentrations of 20, 30, and 40 mg/mL.
Concentration
(mg/mL)
20
30
40
i

Onset of
Gel Point i
Subdiffusivity ii
(min)
(min)
44
17
≤2

from rheology Figure 5.2

65
23
16
ii

Time at
Highest Ng ii
(min)

Time of
Localization iii
(min)

65
25
19

105
40
26

from SPT Figure 5.7

iii

from SPT Figure 5.3

The physical meaning of the changes in the Ng can be related to changes and
variations in the local environment during gelation. Just after mixing, the NPs explored a
homogeneous environment, moving diffusively through the sol or very open network,
indicated by the α parameter of 1 and the low Ng. Even after the tgel, the NPs were able to
move diffusively. This suggests that the initial network had a mesh structure much larger
than the size of the NPs, 10 nm. As time increased, the NPs began to sample different
local environments due to heterogeneity in the network structure, which differentially
hindered NP diffusion. As the gel continued to form, the network reached a peak in
heterogeneity (i.e., distribution of pore sizes). This condition corresponded to the onset of
subdiffusivity and peak in Ng as shown in Figure 5.7. After this peak, the network filled
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in, becoming more homogeneous, and further inhibiting the motion of the NPs. The
localization of the NPs due to the network was indicated by the subdiffusive behavior, α
≈ 0.5, which is characteristic of localization, or caged mobility. The final network
became more homogeneous (i.e., uniform in pore size) as the concentration of TPEG
increased, consistent with the lower final values of Ng. The gelation process is shown
schematically in Figure 5.8.

Figure 5.8: Schematic of TPEG gelation mechanism. (a) Open network where NPs
mobility is mainly through the sol. (b) Network with heterogeneity in the mesh resulting
in NPs exhibiting dynamic heterogeneity as reflected by high Ng. (c) Homogeneous
network that localizes NPs. Network shown corresponds to 40 mg/mL samples; the
network corresponding to 20 and 30 mg/mL samples will exhibit similar behavior,
however fewer crosslinks will form resulting in defects even at long times.
Studies using micron sized particles to characterize gelation have also reported
changes in α and Ng that could be related to changes in the network structure. Particle
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tracking has been used to probed heterogeneity during the gelation of colloidal
suspensions of Laponite clay particles22, fluorenylmethoxycarbonyl-tryrosine (FmocY)20, and β-glucan23. Donald and coworkers20 studied Fmoc-Y gelation, which has a
mesh size on the order of tens of nanometers from cryoSEM images 24, using 0.46 µm
particles. They found that Ng increased until the gel point and then remain constant. They
believed this to mean that once formed, the gel had very little local heterogeneity. In the
Laponite clay22 and β-glucan23 systems, however, Ng increased even after gelation, like
observed in this study. In the β-glucan system, which was studied using 0.75 µm
carboxylate modified polystyrene particles, the Ng gradually increased prior to gelation
due to differences in the local microenvironments. After gelation, Ng continued to
increase due to particles becoming trapped inside pores with different sizes, which the
authors suggested ranged from 1 to 15 µm. At longer times after the gel point, Ng
decreased due to coarsening resulting in smaller, more homogeneous pore sizes. We
believe a similar process occurs in our TPEG systems, as a peak in Ng was also observed
after the gel point. Based on our results, we conclude that the evolution of the network
begins with very open pores through which the NPs can move easily and diffusively. As
time proceeds, the network filled in heterogeneously, resulting in disparate local
environments and heterogeneity. In the final gel state, the homogeneity increases with
increasing concentration.
5.3.4

SPT and MSD of TPEG polymer at equilibrium swelling for 40 mg/mL
concentration
To compare the mobility of NPs in TPEG gels as synthesized and at equilibrium

swelling, two 40 mg/mL gels were made, one in which no water was added before testing
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and one that was swollen in water for 2 days before testing. The as synthesized gel
corresponds to the expected structure at the end of SPT gelation experiments, t = 26
minutes, as no additional water was added after mixing. The as synthesized gel had a
swelling ratio of 21, as determined from the weight as synthesized divided by the dry
weight. The equilibrium swollen gel had a swelling ratio of 43. Using SPT, Figure 5.9
shows the spatial coverage and the MSD for the 40 mg/mL samples. Figure 5.9a and c
corresponds to the final time point from gelation experiments, t = 26 minutes, called the
as synthesized gel, while b and d correspond to the gel at equilibrium swelling. In the as
synthesized gel, the spatial coverage of the NPs had a radius of approximately 150 nm
and the average MSD at τ = 0.4 s was 103.5 nm2 (562 nm2). The spatial coverage of the
NPs in the equilibrium swollen sample had a radius of approximately 250 nm, and the
average MSD at τ = 0.4 s for the swollen sample was 103.6 nm2 (632 nm2). The 2 times
enhancement in swelling ratio increased the available space for the NPs to move,
however, they were still localized due to the homogeneous and small mesh network.
Assuming uniform three-dimensional stretching, the increase in swelling ratio would
correspond to a 1.3 time increase in mesh. We observe a slightly higher increased in the
spatial coverage, 1.6 times from 150 to 250 nm radius. Further studies are needed to
conclude if the increased mobility is due to additional mechanisms of NP diffusion that
result from the network swelling. The larger than expected increase in NP mobility could
be due to small scale hopping, in which network chains rearrange around the NP.
However, increased spatial resolution would be needed to determine conclusively.
Nonetheless, we demonstrate that SPT can be used to quantify the increased space
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available for NPs to move locally with increased swelling of the fully formed TPEG
network.

Figure 5.9: SPT NP trajectories in 40 mg/mL TPEG sample plotted in XY space (-1 µm
x 1µm) for (a) the as synthesized gel (t = 26 minutes from gelation experiments) and (b)
at equilibrium swelling gel. Corresponding MSD of NP trajectories in 40 mg/mL TPEG
sample (c) as synthesized and (d) at equilibrium swelling gel.
5.4

Conclusion
In this study, SPT of 10 nm NPs was used to examine the gelation of TPEG

networks as polymer concentration was decreased. Interestingly, the formation of these
homogenous networks was not a dynamically homogeneous process. Using rheometry,
the gel point, tgel, increased from less than 2 to 44 minutes as TPEG concentration
decreased from 40 to 20 mg/mL. NP mobility, however, remained diffusive at times past
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tgel, indicating that the initial network had a large mesh size. At longer times, NP mobility
became sub-diffusive, as reflected in α < 1 which corresponded to a peak in N g. This
dynamic heterogeneity was attributed to variations in mesh size during network
formation. Eventually at long times in all concentrations, NPs became localized, which
corresponded to greater dynamic homogeneity, which is consistent with a homogeneous
final mesh structure. We also observed an increase in NP spatial coverage with increased
degree of swelling within the 40 mg/mL TPEG sample as synthesized and at equilibrium
swelling. Ultimately, these results shed light on the gelation mechanism of these novel
homogeneous gels, which will aid in their use as model systems to test polymer gel
theories and in applications such as injectable drug delivery systems.
5.5

Supporting Information
The unexpected spike in Ng was further confirmed by repeating the experiment on

separate days and comparing the quartile-quartile plots for a normal distribution to the
displacement distributions. An example of each of these confirmations is included below.
Figure 5.10 shows the non-Gaussian, Ng, and alpha, α, parameters as a function of time, t
for a repeated 40 mg/mL TPEG sample. Here, the spike in Ng occurred at t = 16 minutes,
whereas the spike in Ng occurred at t = 19 minutes on a different day, as reported in the
main text. As the resolution in time for the SPT is ± 2 minutes, good agreement exists
between trials from different days. Figure 5.11 shows the quartile-quartile plots
comparing a normal Gaussian distribution to the displacement distributions of the 30
mg/mL TPEG sample at t = 10, 27, and 37 minutes at a τ of 1 s, the sample time points
shown in Figure 5.6. In a and c, most data points, blue crosses, fall on the red dashed
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line, which indicates the displacements are well described by a Gaussian distribution. In
b, however, only the central portion of data points fall on the red dashed line, and larger
displacements deviate from what would be expected for a Gaussian distribution. These
deviations from the normal Gaussian distribution at intermediate t corroborate the
observed large Ng values.

Figure 5.10: Non-Gaussian, Ng, and alpha, α, parameters as a function of time, t for a
repeated 40 mg/mL TPEG sample.

Figure 5.11: Quartile-quartile plots comparing a normal Gaussian distribution to the
displacement distributions of the 30 mg/mL TPEG sample at t = (a) 10, (b) 27, and (c) 37
minutes at a τ of 1 s, the sample time points shown in Figure 5.6.
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6.1

Summary
The cell interior is a crowded chemical space, which limits the diffusion of

molecules and organelles within the cytoplasm, affecting the rates of chemical reactions.
The work described in this chapter provides insight into the relationship between nonspecific intracellular diffusion and cytoskeletal integrity. Quantum dots entered the cell
through microinjection and their spatial coordinates were captured by tracking their
fluorescence signature as they diffused within the cell cytoplasm. Particle tracking
revealed significant enhancement in the mobility of biocompatible quantum dots within
fibrosarcoma cells versus their healthy counterparts, fibroblasts, as well as in actin
destabilized fibroblasts versus untreated fibroblasts. Analyzing the displacement
distributions provided insight into how the heterogeneity of the cell cytoskeleton
influences intracellular particle diffusion. Intracellular diffusion of non-specific
nanoparticles is enhanced by disrupting the actin network, which has implications for
drug delivery efficacy and trafficking.
6.2

Introduction
Actin and tubulin form highly versatile, dynamic polymers that are fundamental

to creating the spatial organization of eukaryotic cells through cytoskeletal structures.
These cytoskeletal systems are dynamic and adaptable, capable of organizing
intracellular compartments, and are critical to a number of cell processes including cell
migration and division. Inside these compartments is a crowded chemical space in which
the volume fraction of macromolecules can reach up to 40%.1 This large volume fraction
limits diffusion of molecules and organelles within the cytoplasm and therefore affects
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the rates of chemical reactions in the cell. A contributor to this confinement is the
cytoskeleton itself, which features a mesh-like network with open spaces that direct the
diffusion of macromolecules. The structural role of the actin and microtubule network
within cell mechanics has been previously investigated2, 3, 4 and together with the whole
cytoskeleton network, cytoplasmic organelles, and molecular crowding, serve as
obstacles to non-directed intracellular motion. Intracellular particle diffusion has become
increasingly important within nanomedicine, where nanoscale photodynamic therapies5, 6,
7

and gene or drug delivery systems8, 9, 10, 11 have made significant advances in disease

treatment options. The effect of the cytoskeleton on the diffusion of nanoparticles brings
into question the relative size scales between the mesh and the translocating objects. The
actin network has been reported to have a heterogeneous mesh size ranging from 30-100
nm (Luby-Phelps12) to 300-600 nm (Kusumi et al.13) across mammalian cells. More
recently, Kronlage et al.14 measured the open pore size within the actin cytoskeleton of
endothelial cells under control conditions of approximately 10,000 nm2 (about 100 nm
square) and under cytochalasin D treatment, the open area increases to above 30,000 nm 2
(173 nm square). When particle size is similar to or greater than the cytoskeletal mesh,
the resulting confinement allows for the measuring of the microrheological properties of
the cell interior.15,

16

Alternatively, particles smaller than the mesh are subjected to a

different microenvironment than larger particles. The different local environment will
affect the diffusivity of small particles, critical in nanoparticle-based therapies or
diagnostics. For example, in endosomal release of theranostic nanomaterials (e.g.,
nanoparticle mediated siRNA delivery8, 9), particles must translocate to an alternative
intracellular site (e.g., the nucleus), where they accumulate for efficacy of the therapy. To
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determine the potential for accumulation and therefore the efficacy of these nanoparticle
therapies, we must understand the dynamics involved in intracellular nanoparticle
diffusion. The influence of cytoskeletal integrity, namely filamentous actin and
microtubules, on intracellular nanoparticle diffusion manifested in different cell
conditions is analyzed in this chapter. Motivated by prior elasticity measurements,2
differences between two cell types, one cancer (fibrosarcoma cells HT 1080) and one
non-cancer (human dermal fibroblasts) are identified, as well as drug-altered
cytoskeletons within those two lines by cytochalasin D treatment (disrupts filamentous
actin) and nocodazole treatment (disrupts microtubules). Within the cytoplasm of these
cells, the nanoparticles act as internal probes that reflect the influence of the cytoskeleton
and its caged network on transport. Analysis of the nanoparticle paths further provides
quantitative values of diffusion coefficients that drug carrier and similarly sized
biomaterials have inside healthy and diseased cells.
Candidates for assessing intracellular trafficking include tracking small
fluorescent molecules using FRAP17 or FCS18, or tracking micron and submicron
particles using single particle tracking (SPT)19 or extensions thereof.15 Particle mobility
has also been studied as a probe of local viscosity in the field of microrheology. 20
Labeling a few molecules by fluorescent dyes can achieve high temporal resolution but
lack the lateral/spatial resolution that SPT can achieve. SPT can be limited by
photobleaching of fluorophores if used, and the inability to track particles that travel
perpendicular to the imaging plane. However, SPT has been shown to be well suited to
the study of living cell interiors.19, 21, 22, 23, 24,

25

Quantum dots (QDs) present a unique

opportunity for stable particle tracking as they are not subject to photobleaching and can
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be synthesized to respond to a variety of chosen wavelengths as well as include a
chemically grafted outer shell either to confer, or to prevent, specific biological
interactions. SPT of QDs within the cellular environment has been used to investigate
specific cellular processes such as insulin receptor activity,26 virus infection,27, 28 calcium
flux detection,29 and kinesin motor transport.30 Polymer coated nanoparticles have also
been used in treatment regimes such as targeted killing of tumor cells 5, 6 and alleviating
liver damage.31 Once inside the cell, SPT has revealed dynamic properties of delivered
particles. Freely diffusive particles (Brownian motion) have a linear relationship between
time and mean square displacement (MSD), however, intracellular transport typically
results in subdiffusive or confined behavior, i.e., movement of particles with less than t1
dependence.4 The distinction between Brownian motion and subdiffusive motion in the
cellular environment is extremely important; if particles are confined, the time and even
ability to reach a desired intracellular destination will be affected. Identifying which
cellular components contribute to this confinement is critical to understanding
intracellular transport.
Our results indicate that the diffusion of small, polymer-grafted QDs is sensitive
to cytoskeletal modifications, particularly actin network connectivity. Unlike preceding
QD intracellular tracking experiments32 these QDs have no specific affinity for binding
within the cell. The PEG coating on our QDs has been shown repeatedly to be the most
highly non-interacting polymer coating for cellular environments.21,

33

We demonstrate

that heterogeneity in the actin network either manifested by cell type or by disruption of
cytoarchitecture within healthy cell types results in a change in nanoparticle dynamics
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thus signifying that the cytoskeleton organization can act as a barrier for non-motor
driven intracellular trafficking.
6.3

Results and Discussion
In our work, CdSe quantum dots (4 nm) were grafted with a biocompatible PEG34

brush (Mw=5 kDa) that neither interacts with intracellular components nor is toxic to the
cell. For example, prior work shows that Ag nanoparticles are toxic to THP-1 cells
resulting in a change in cell viscoelasticity with a two-fold increase in complex
modulus.35 The PEG grafted QDs have a hydrodynamic diameter of 10 nm, determined
by diffusion in glycerol:water with known viscosity (see Section 6.4.2). QDs entered
each cell by microinjection using an Eppendorf Injection system, which provides a fast
introduction (0.5 s) of QDs by pressure-driven injection of small liquid volumes. The
micropipettes had an outer diameter of 1 μm. The delivery and diffusion of QDs were
monitored throughout the cell cytoplasm. We manipulated the needle by using a common
piezoelectric micromanipulator integrated with a Nikon inverted epifluorescence
microscope with 100x oil-immersion objective. The needle was manipulated to approach
and penetrate the cell at an angle of 30 degrees from the surface plane. During QD
delivery, we could precisely locate the needle in the cellular environment in brightfield
and fluorescence imaging mode. The photo stability of QDs allowed continuous
observation of QDs for the duration of video capture, which was between 5 and 10
minutes.
To quantify the QD dynamics, SPT was performed using free software to connect
particle centers of mass across images, obtaining particle trajectories.36 Figure 6.1a-c
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includes a subset of 50 particle trajectories from QDs in the cytoplasm of fibroblasts,
fibrosarcoma cells, and cytochalasin D-treated fibroblasts as well as an overlay of all 699,
634, and 353 trajectories, respectively. The QDs within the fibrosarcoma cell cytoplasm
had greater mobility than within the fibroblast possibly because the cytoskeletal network
is more disorganized. For example, in model mouse ovarian cancer cells, in addition to
changes in gene expression levels, the cytoskeleton structure became increasingly
disorganized during neoplastic progression.37 Other reports confirm the deformation
capacity of cancer cells (and metastatic potential) is due to differences in the cytoskeleton
and nuclear protein organization.38, 39, 40, 41, 42
To test if the particular organization of microfilaments within the fibrosarcoma
cell line contributed to a change in the mobility of the QDs, cytochalasin D was used to
disrupt the filamentous actin network in fibroblasts to achieve less organization. This
treatment resulted in a longer mean free path of the QD consistent with the comparison
between fibroblasts and fibrosarcoma cells (see ref. 2 for actin staining). We also
investigated how QD diffusion was influenced by the breakdown of the microtubule
network induced by nocodazole treatment. We found that the mobility of QDs within
fibroblasts was less affected by nocodazole treatment than cytochalasin D treatment,
which is consistent with prior studies showing that the mechanical properties of
fibroblasts do not change significantly when exposed to nocodazole.2 From the particle
tracks, MSD was determined using MATLAB43. MSDs for QDs within fibroblasts,
fibrosarcoma cells, and cytochalasin D treated fibroblasts are shown in Figure 6.1d-f
respectively. To compare ensemble differences, we analyzed the particle trajectories
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using (1) the center of the MSD distributions at a range of delay times to compare overall
mobility, (2) a power law fit to the data to extract diffusion parameters, and (3) step sizes
at particular temporal windows to probe local dynamic heterogeneity.

Figure 6.1: Individual QD particle trajectories (50) within (a) fibroblasts, (b)
fibrosarcoma cells, and (c) fibroblasts with cytochalasin D treatment with overlay insets
where trajectories are initialized at (0,0) and include all 699, 634, and 353 trajectories
recorded, respectively. Mean squared displacements (MSD) of QDs within (d)
fibroblasts, (e) fibrosarcoma cells and (f) fibroblasts with cytochalasin D treatment. Color
scale used to indicate higher MSD is carried through for individual particle tracks in (ac).
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At a delay time of 1 s, Figure 6.2 shows the MSD for QDs in fibroblasts,
fibrosarcoma cells, and fibroblasts treated with cytochalasin D. Although the MSD has a
broad distribution in all cases, QDs within the fibrosarcoma cell cytoplasm travel the
furthest with a MSD geometric average near 6 x 104 nm2 compared to the fibroblast case
centered near 6 x 103 nm2. After exposing fibroblasts to cytochalasin D, the MSD values
broadened and the geometric center value increased to 3 x 104 nm2 an order of magnitude
increase over the fibroblast case and only 50% less than the fibrosarcoma cell value.
These relationships persist at shorter and longer delay times, namely t = 0.5 s and 3 s. For
fibroblasts, the breadth and number of tracks with MSDs greater than 104 nm2
significantly increased upon exposure to cytochalasin D suggesting an increase in
mobility and less confinement of QDs during diffusion. Interestingly, MSD values for
fibroblasts and cytochalasin D treatment correspond to the open spaces within the actin
network measured by Kronalge14 within endothelial cells.
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Figure 6.2: Histogram of log of MSDs at a delay time of 1 s for QDs within (a)
fibroblasts, (b) fibrosarcoma cells, and (c) fibroblasts with cytochalasin D treatment.
As demonstrated by previous particle dynamics researchers, particles within cells
tended toward subdiffusive rather than Brownian motion with a few exceptions.4 The
MSD for diffusion can be given by MSD = 2Dtα where D is the diffusion coefficient, t is
time, and α is the power law exponent. A power law was fit to each condition and sorted
for those trajectories with r2 values greater than 0.7 (43% of trajectories within fibroblasts
and 72% of trajectories within fibrosarcoma cells fit this criteria). For QDs diffusing in
fibrosarcoma cells, the power law exponents centered around 0.75 whereas for
fibroblasts, alpha was lower, centered around 0.60 as shown in Figure 6.3. Thus, QDs
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within the cytoplasm of fibrosarcoma cells experienced less confinement. When the actin
network of fibroblasts was disrupted using cytochalasin D, decreasing network
confinement, the power law exponent increased to 0.70 representing a shift toward
Brownian motion but still exhibiting sub-diffusive behavior. Alternatively, when the actin
network of fibrosarcoma cells was disrupted, power law exponents for QDs within
fibrosarcoma cells were minimally affected by cytochalasin D treatment. Diffusion
coefficients were determined from tracks with alphas between 0.75 and 1.25. The
percentage of tracks that fall into this range are 12% and 33% for fibroblasts and
fibrosarcoma cells, respectively. Table 6-1 lists the diffusion coefficients for each
condition. For QDs within fibroblasts, the diffusion coefficient was 4 x 104 nm2/s,
whereas QD diffusion was twice as high in fibrosarcoma cells, 9 x 104 nm2/s.
Destabilizing the actin of the fibroblasts increased the diffusion coefficient to 13 x
104 nm2/s, which is three times higher than in the control cells and larger than
fibrosarcoma cells. These diffusion coefficients are smaller than expected for QD
diffusion in water, (the main solvent of the cytosol) which is attributed to obstacles such
as organelles and cytoskeletal network in the cytoplasm12. A significant finding of this
study is that small particles move faster and further upon disrupting the actin cytoskeletal
network. While diffusion coefficients are extracted from particles that followed Brownian
motion, these parameters represent a smaller subset of the particles. Most particles
experienced confined motion and a more detailed analysis of particle step size provides
further insight into the overall response of QDs to the cell cytoplasm.
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Figure 6.3: Histogram of power law diffusion exponent, α, for QDs within control
fibroblasts (Fibro, blue solid), fibrosarcoma cells (Fsarcoma, red), and fibroblasts with
cytochalasin D treatment (Fibro+Cyto, blue hash). Distribution centers are noted with
vertical lines for each distribution.
Table 6-1: Number of trajectories with power law fits to MSDs and identification of
diffusive tracks used to extract diffusion coefficients for each cell line and drug
condition. Fibroblasts (Fibro) and fibrosarcoma cells (FSarcoma) under control
conditions, cytochalasin D treatment (Cyto) and nocodazole treatment (Noco).

Cell Type

Total # of
tracks

Power law
tracks r2>0.7

Diffusive tracks
0.75<alpha<1.25

Fibro
Fibro+Cyto
Fibro+Noco
FSarcoma
FSarcoma+Cyto
FSarcoma+Noco

699
353
600
634
408
314

300
236
212
458
294
210

85
96
49
208
142
76
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Diffusion
coefficient
(nm2/s)
3.86E+04
13.4E+04
1.65E+04
8.63E+04
5.11E+04
6.45E+04

The distribution of QD displacements provides further insight into the nanoscale
environment and dynamic heterogeneity experienced by the QDs. The van Hove
correlation function, ∆, describes the probability of a particle moving a distance along a
single axis within a specific time interval, τ.44 The self-portion, the average motion of the
particle initially at the origin, is given by ∆=x(t+τ)-x(t) and y(t+τ)-y(t) for steps in the x
and y directions, respectively.45 The van Hove distributions were calculated using the
above equation for ∆ and normalizing the area under the curves to one. The van Hove
distributions for fibroblast, fibroblast cells exposed to cytochalasin D, fibrosarcoma cells,
and glycerol:water are displayed in Figure 6.4. The van Hove distribution is Gaussian for
spatially homogenous environments46 and was observed for QDs within homogeneous
glycerol:water solutions (Figure 6.4d). While all cell distributions (Figure 6.4a-c)
clearly deviate from Gaussian and exhibit central peaks at all time intervals, the larger
displacement tails are qualitatively and quantitatively different. As seen by the area under
the displacement distribution in Figure 4a, the majority of QDs within fibroblast cells
were confined to displacements of 200 nm, while larger displacements had a low
likelihood of occurring. Additionally, displacements larger than 1000 nm were not
realized in fibroblast cells at a time interval of 1 s. The limited time dependence,
evidenced by the nearly overlapping values at all time intervals, indicates QDs in
fibroblast cells were exploring a confined spatial region. Displacement distributions of
QDs within fibroblast cells exposed to cytochalasin D display a greater likelihood of
large displacements, as seen by the increased area under the curve in Figure 6.4c. The
distributions display an increasing range of motion with increasing time from 0.12 to 0.6
s, indicating that the QDs explored a greater spatial area. A smaller change is seen from
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0.6 to 1 s, commensurate with the MSD and alpha distributions, which display greater,
but still confined, QD mobility. Similar behavior is seen for QDs within the fibrosarcoma
cells, Figure 4b. QD displacements were larger, even at 0.12 s, than QD displacements
within fibroblast cells. The increased mobility of QDs observed via the particle
trajectories and MSD of fibroblast cells exposed to cytochalasin D and fibrosarcoma cell
line is echoed in the increased occurrences of larger displacements.
While the central Gaussian peaks correspond to displacements bounded by
approximately ±200 nm for all conditions, the tails of the distribution exhibit an
exponential dependence that can be quantified by characteristic lengths, Table 6-2.
Figure 6.5 shows an example fitting of the positive tail and center Gaussian peak at 0.12
s for QDs within fibroblasts with cytochalasin D treatment. Quantification of the tail
characteristic length was obtained by exponential fitting of both the positive and negative
tails. Studies on particle dynamics in F-actin solutions47 have established that the
exponential tails reflect the interaction between particle and environment. Recently, the
observance of exponential tails of displacement distributions has occurred in systems
from gels48 to jammed colloids49. For our study, these length scales indicate the degree of
confinement of QDs by their local environment. Additionally, Table 6-2 displays the
non-Gaussian parameters, Ng, for the different cell types at times of 0.12, 0.6, and 1 s.
This parameter describes the extent of non-Gaussian behavior by comparing the fourth
moment to the second moment of the displacement distributions, namely the breadth of
the distribution relative to the variance.49
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Figure 6.4: van Hove distributions for QDs within (a) fibroblasts, (b) fibrosarcoma cells,
(c) fibroblasts with cytochalasin D treatment, and (d) 90% glycerol:water solution at
three time increments of 0.12 s, 0.6 s, and 1 s. Step size, Δ, combines steps in both x and
y into a single van Hove distribution.
The characteristic lengths of the QD displacement distribution tails within
fibroblasts changed negligibly with increasing time, from 96 nm to 115 nm at time
intervals of 0.12 s and 1 s, respectively. For fibroblast cells exposed to cytochalasin D,
however, the characteristic length increased from 193 to 328 nm from 0.12 to 1 s.
Fibrosarcoma cells show an increase in characteristic length from 130 to 224 nm over the
same time interval. The characteristic length of the fibrosarcoma cells exposed to
nocodazole decreased to 98 nm and 140 nm from control values of 130 nm and 224 nm,
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respectively at time intervals of 0.12 and 1 s corresponding to a decrease in mobility. The
displacement distributions and characteristic lengths of QDs within fibroblast cells
exposed to nocodazole and QDs within fibrosarcoma cells exposed cytochalasin D,
display behaviors similar to their control condition. In addition to the characteristic
lengths, the Ng values also change markedly between the different cell conditions. In
homogeneous systems, Ng should be zero. In all cell systems, the Ng values are much
greater than zero, indicating significant dynamic heterogeneity. The highest Ng values,
10-20, were observed in the fibroblast and fibroblast exposed to nocodazole, whereas the
fibroblast treated with cytochalasin D displayed much lower Ng values, 6-7. The NPs
within fibroscarcma cells also had lower Ng values, 3-5.

Figure 6.5: Characteristic lengths are extracted from an exponential fit (red line) to the
tail portion of the van Hove distribution plotted for QDs within fibroblasts with
cytochalasin D treatment. Both positive and negative tails are included in the exponential
fit.
Table 6-2: Non-Gaussian parameters and characteristic lengths from van Hove
distributions for fibroblasts (Fibro), fibrosarcoma cells (FSarcoma), fibroblasts treated
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with cytochalasin D (Fibro+Cyto), fibroblasts with nocodazole treatment (Fibro+Noco),
fibrosarcoma cells with cytochalasin D treatment (FSarcoma + Cyto), and fibrosarcoma
cells with nocodazole treatment (FSarcoma + Noco).

Cell Type

Fibro

Fibro+Cyto

Fibro+Noco

FSarcoma

FSarcoma+Cyto

FSarcoma+Noco

NonGaussian
Parameter,
Ng
14.7
19.7
21.5
6
7.3
7.4
10.2
15.5
13.5
3.8
5.1
5
3.6
4.2
4.1
4.8
5.4
5.7

Time (s)
0.12
0.6
1.0
0.12
0.6
1.0
0.12
0.59
1.01
0.12
0.6
1.0
0.12
0.6
1.0
0.12
0.6
1.0

Characteristic
Length (nm)
96.0
101.2
114.9
192.9
297.6
328.4
89.6
101.4
104.6
129.4
187.0
224.4
108.2
157.2
166.7
98.1
140.5
141.5

The differences observed in the displacement distributions can be explained by
changes in the nanoscale environment the QDs experience. The dual nature of these
distributions, central peaks with exponential tails, gives indication to the dichotomy of
the QD behavior caused by confinement imposed by the actin and microtubule networks.
In fibroblasts, QDs were confined by the actin network, which is heterogeneous, yet has a
mesh dimension on the order of 400 nm consistent with the central peak of the
distribution, ±200 nm, that confines the majority of the QD displacements. Studies on
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nanoparticle mobility within gels48 have used the central Gaussian portion of the van
Hove to characterize caging lengths. In the case of QDs within the cell cytoplasm, we
assert that the relevant caging length scale is the average mesh size. In fibroblasts,
escaping a primary mesh and traveling to a neighboring mesh is a rare event, resulting in
a drastically different environment experienced by the QD. In comparison to published
research on the mesh size of the actin network, values of 100-200 nm12,14 are more
prevalent than values of 300-600 nm13 for fibroblast cell lines. The actin mesh size is cell
type dependent and locally heterogeneous as the network undergoes densification toward
the cell periphery. Our experiments avoid the cell periphery and thus would expect a
slightly larger mesh size as a result. In fibroblasts exposed to cytochalasin D, the actin
network was disrupted. While a primary mesh of 400 nm exists in some areas
demonstrated by the van Hove distribution width, the connectivity of the network has
decreased, homogenizing the distribution of mesh sizes. This loss of connectivity
increases the probability of QDs moving between primary meshes, allows QDs to explore
more area with increasing time, and decreases the confinement experienced by QDs
within the cytoplasm, ultimately leading to increased QD mobility. In fibrosarcoma cells,
the disorganized actin cytoskeleton allows QDs to move between primary meshes, to
explore more area with increasing time, and to experience less confinement from the
actin cytoskeleton. Additionally, the Ng values of the cell lines show that more open
cytoskeletal networks, namely fibroblasts exposed to cytochalasin D and fibrosarcoma
cells, correspond to a shift towards Gaussian behavior. This indicates the environment is
less heterogenous which allows the QDs to move more quickly within these cells.
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Overall, these disparate dynamic behaviors of nanoparticles in different cell lines and
conditions indicate differences in the local microenvironment.
The use of nanoparticles as probes to understand complex environments spans
many fields, from industrially relevant polymer gels to extracellular polymer networks.50,
51

Additionally, non-Gaussian dynamics, specifically displacement distributions with

exponentially decaying tails, have been observed in a wide variety of nano and micron
scale systems, such as colloidal suspensions,49 solutions of f-actin,47 and recently, live
muscle cell membranes.11 Our study shows nanoparticles within the cell cytoplasm also
move in a non-Gaussian manner, indicating the ubiquitous nature of non-Gaussian
dynamics and calling for enhanced models to determine diffusion properties when
Gaussian relationships do not hold. Also, the dynamic behavior of QDs provided spatial
information about the altered cytoskeletal networks, including average mesh size and
changes in the mesh hindrance.
Geometric mean MSDs are shown in Figure 6.6 for all QD particle tracks within
this study, which summarizes QD diffusion within each cell line and drug condition. The
geometric mean was chosen to represent the central tendency because the distribution of
values did not follow a standard normal distribution. QDs within fibroblasts and
fibroblasts treated with nocodazole (microtubule disruption) exhibited the lowest MSDs.
Disrupting the actin network with cytochalasin D treatment resulted in a significant
increase (order of magnitude) in MSD whose behavior becomes similar to the
fibrosarcoma results. Disruption of the cytoskeletal elements within fibrosarcoma cells
with either nocodazole or cytochalasin D resulted in a decrease in MSD. QD mobility
183

increased by an order of magnitude within fibrosarcoma cell cytoplasm compared to
within the fibroblast cytoplasm.

Figure 6.6: Geometric mean MSD for each of six conditions. Nomenclature is as
follows: fibrosarcoma cells (FSarcoma), fibroblasts (Fibro), cytochalasin D treatment
(Cyto), nocodazole treatment (Noco). Error bars are standard error.
Altering the connectivity of the actin network within fibroblasts resulted in QD
mobility similar to that of QDs within the untreated fibrosarcoma cell cytoplasm. The
intrinsic differences between the two cell lines result in vastly different intracellular
particle mobility. What this research demonstrates is the sensitivity of intracellular QD
diffusion to actin cytoskeletal modifications. Not all cytoskeletal modifications had equal
effects, as nocodazole treatment, which attacks the microtubule network, had little effect
on the MSD of QDs within the fibroblast cytoplasm. Interestingly, actin and microtubule
disruption of fibrosarcoma cells resulted in slightly decreased mobility of QDs within the
cytoplasm. One possibility is that the local microviscosity of the fibrosarcoma cells
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changes in response to the toxins more so than the fibroblasts. Measures of elasticity of
the same cell lines indicated a stiffening behavior in the fibrosarcoma line in response to
microtubule disruption.
6.4

Experimental Methods

6.4.1

Cell Culture
Human dermal fibroblasts and HT 1080 (fibrosarcoma cells) were used in this

study. Fibroblasts were cultured in Fibrolife (Lifeline Cell Technologies) for this study.
All cells were incubated at 37 °C in a humidified atmosphere with 5% CO2. Dishes and
coverslips were coated for 30–40 min with 5 μg/mL fibronectin (BD Biosciences)
dissolved in PBS prior to plating. Cells were initially plated at 75-100k density on glass
coverslips (22 x 40 mm) for all studies, and were incubated for 48 hrs prior to
experiments. Three conditions were studied: control (recording buffer only), 2.5 μM
Cytochalasin D (Sigma Aldrich) in recording buffer for 30 min, and 10 μM Nocodazole
(Sigma Aldrich) in recording buffer for 30 min.
6.4.2

Quantum Dot Characterization
Core size of the CDSe core/ZnS shell QDS3 was measured using ImageJ software

on TEM images such as Figure 6.7. The oleic acid ligand of QDs was exchanged with
thiol terminated 5 kDa MW PEG. The exchange was confirmed by FTIR, the particle’s
dispersion in water, and the increased separation between QDs observed in TEM images.
QD diffusion in a solution of 90 wt% glycerol in water was measured to determine the
hydrodynamic radius of the PEGylated QDs from the Stokes-Einstein relationship
between diffusion coefficient and particle size. The addition of the PEG ligand to the
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surface of the particles added ~3 nm to each side of the QD, resulting in a hydrodynamic
diameter of 10 nm. The increased separation observed via TEM for neighboring QDs is
comparable to the measured increase in the hydrodynamic diameter.

Figure 6.7: TEM image of quantum dots with scale bar of 20 nm (left) and histogram of
diameters (right).
6.4.3

Cell Injection
A Nikon Eclipse Ti inverted fluorescence microscope was paired with an

Eppendorf InjectMan4 micromanipulator and Eppendorf FemtoJet4i pressure injector.
QDs were dispersed in DI water at 0.2 nM concentration and loaded into Eppendorf
Femtotips. Typical input pressure values used were 200-400 hPa. Injections lasted 0.5 to
1 s. An x-y stage mounted to the microscope platform allowed the movement of the cellcoated coverslip into different viewing windows. Figure 6.8 shows an example cell with
nucleus, QD trajectories, and injection site indicated.
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Figure 6.8: Still optical microscopy image with particle tracks overlaid for a
fibrosarcoma cell before injection. Injection location is denoted with a red X. QD
trajectories are shown in blue. The nucleus of the cell is indicated by white dashed
outline.
6.4.4

Particle Tracking
Videos were recorded in brightfield before injection, then fluorescence just after

injection, and finally brightfield again to examine the cell. Particle tracking software,
FIESTA, was used to extract particle tracks from the fluorescence signature of QDs
within the recorded videos. A frame rate of 16.9 fps was used and the calibration of the
objective was 110 nm per pixel. The FIESTA program applies a Gaussian fit to the
fluorescence to determine the center of the fluorescence with nm precision. A selection
box was used to identify approximate cell boundaries and to limit the run time of the
program by excluding areas outside of the cell from analysis. Drift was evaluated using
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immobilized QDs and found to be on the order of error in positioning. Particle tracks with
an average positioning error greater than 25 nm were excluded from analysis.
6.5

Conclusion
Although our method could be employed to observe a variety of dynamic

biological events, we have placed an emphasis on evaluating the effect of the cytoskeletal
network on non-directed diffusion as opposed to active motor-driven transport. We have
compared fibroblasts and fibrosarcoma cells with two cytoskeletal destabilizers acting on
distinct elements. The results indicate that non-specific transport of nanoscale particles is
inhibited by confinement due to the actin network. This is an intriguing phenomenon
brought on by small size scales; the nanoscale particles are affected by a mesoscale
network, which shifted nanoparticle mobility toward subdiffusive, non-Gaussian
dynamics more than would be expected simply due to the viscous material present
between the mesh. Further extensions of our work include probing the effects of
intermediate filaments and other bridging proteins (e.g. myosin filaments), DNA linking,
motor driven transport, and has implications for understanding nanoparticle trafficking
and therapeutics in diseased cells. Specifically, many anti-cancer drugs target the
destabilization of filamentous actin and microtubule spindle dynamics.10 From our study,
anti-cancer drugs that disrupt the cell architecture would not greatly affect the dynamics
of nanoparticle drug carriers within cancerous cells, but would increase transport of the
nanoparticles within the surrounding healthy tissues should the drug carriers also enter
these cells. In conclusion, we have demonstrated that the relationship between
nanoparticle dynamics and cytoskeletal integrity is of critical importance to particles
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smaller than the mesh size, which leads to changes in confinement, diffusion parameters,
and even the ability of a nanoparticle to reach a desired intracellular destination.
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Chapter 7:

Future Work
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7.1

Overview
The research presented in this thesis has focused on expanding the field of

polymer physics by delving deeper into nanoparticle (NP) dynamics in polymer
networks. The breadth of polymer networks studied allowed for similarities and
differences between heterogeneous and homogeneous gels to be probed. Additionally,
principles which apply to both synthetic and biological networks have been identified.
The depth of this thesis work comes from the detailed analysis of individual NP
trajectories and displacements, in addition to the ensemble properties measured. While
four different polymer networks have been probed systematically for this thesis,
primarily by tuning confinement in a variety of ways, more questions have been
uncovered which prompt further study. In the next few paragraphs, I will touch on the
potential implications of my studies and what might come next for each of the research
chapters (3-6). Following these thoughts, in Section 7.2 a potential project on NPs
diffusion in dynamic polymer networks will be presented in more detail to facilitate
rapid implementation.
In my studies on polyacrylamide gels (PAGs), I found that both confinement
and dynamic heterogeneity, caused by collapsing of the polymer chains, impacted NP
diffusion. Concurrent with my observation (published online just one month after my
study), Seiffert and coworkers1 also found that confinement from crosslinking was not
the only factor impacting NP diffusion within PAGs. By using fluorescence correlation
spectroscopy (FCS) of dye loaded NPs within a novel dual crosslinked microgel
system, they observed that NP diffusion was more dependent on the polymer segment
density, controlled by osmotic pressure, than the crosslink density. This provides new
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consideration for simulation studies on polymer networks which have previously
focused mainly on homogenous and either fully swollen or dry networks. 2

3

Additionally, the findings of my study on PAGs, and that of Seiffert, have implications
for the wide usability of gels, and specifically PAGs, as separation membranes. PAGs
are commercially used as electrophoretic separators of biological molecules. For
example, proteins can be denatured, unfolding them into charged chains, and then
separated by molecular weight using PAG network obstruction. When PAGs from
different companies or batches are used as separation membranes, differences in
heterogeneity, degree of swelling, or chain density, not just the range in pore sizes, may
impact their ability to comparable separate items. Indeed, I have learned of silica gel
membranes from different companies holding up production of a polysaccharide
heparinoid based pharmaceutical due to differences in molecular weight determination.4
Diffusion models which incorporate heterogeneity, degree of swelling, and polymer
segment density would greatly enhance not just the functionality of gels as separation
membranes, but also in their use as drug delivery reservoirs.
Recently, two polymer theoretical powerhouses proposed theories for the
diffusion of NPs within polymer networks in which NPs ‘hop’ from mesh to mesh via
chain rearrangement.2, 3 While the two theories are divergent as to how large a ‘hop’ the
NP would take and how high an energy barrier there is to this ‘hop’, both agree that
hopping could be realizable within a small window of mesh and NP sizes. Experimental
realization of hopping may be possible by a combination of my experimental method
and that of the Seiffert group1 discussed above. Using a dually fluorescent single
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particle tracking (SPT) system, a probe particle that fluoresces at one wavelength and
dilute labeled polymer chains that fluoresces at another, both chain and particle motion
could be monitored. The resolution of the analysis would need to be on the order of 1
nm, realizable for SPT of slow moving, bright particles, but not for FCS. Additionally,
a very high-speed camera would be needed with capabilities on the order of 1,000
frames per second. While visualizing hopping would be a momentous research
achievement, it may not justify the capital investment required on its own. The addition
of such a high-speed camera to the current experimental setup described in Chapter 2
would allow

visualization of fluorescently labeled polymers and polymer

nanocomposite tribology experiments, specifically labeled cellular organelles under
rapid AFM loading and unloading, and allow determination of diffusion coefficients in
low viscosity solutions.
In contrast to NP mobility within PAGs, which was intermittently localized and
diffusive, NPs within N-isopropylacrylamide (NIPAAM) gels were primarily caged.
We believe this to be due to interactions, primarily attraction between the polyethylene
glycol (PEG) brush and the NIPAAM chains, as has been suggested in literature.5
Interactions between matrix and diffusing polymer chains have been shown to not
affect the diffusion coefficient in polymer nanocomposites6, however interactions
between diffusing NP and matrix have been shown to affect diffusion7. Indeed, a recent
molecular dynamics simulation study8 found that NP diffusion could be controlled by
tuning the adsorption duration of the NPs to the polymer chain. Similarly, the impact of
interactions between hydrogel network and NP on NP diffusion should be studied. This
could

be

done

using

a

charged
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hydrogel,

such

as

a

hydroxyethyl

methacrylate/methacrylic acid anionic hydrogel which has mesh sizes expected to be in
the range of 10 nm with neutral (PEG or dextran) and positively charged (avidin) brush
functionalized NPs. 9
For continuing the study of NIPAAM gels, two avenues are appealing. First, a
functionalization that prevents interaction should be pursued to separate the effects of
temperature and physical bonding on NP diffusion, potentially by grafting PAG to (or
from) the quantum dot surface. Second, using the temperature sensitivity of NIPAAM
chains to control the hydrodynamic radius of NPs as they diffuse within other gel
networks such as PAG or TetraPEG networks may be considered. Thiol terminated
NIPAAm can be purchased from Polymer Source, allowing it to be grafted to the
surface of quantum dots. The collapse of the chains would be concurrent with increased
thermal energy potentially greatly enhancing their diffusion.
In my study on TetraPEG gelation, I observed a spike in non-Gaussian
dynamics concurrent with the onset of subdiffusive NP mobility. Interestingly, the
mechanism for forming these homogeneous gels resulted in dynamic heterogeneities!
Due to limitations in mesh size, diffusion of the 10 nm NPs within fully gelled
TetraPEG was not realizable. Advancing the studies on TetraPEG would be facilitated
by larger molecular weight star polymers. Increasing the molecular weight so that the
mesh is approximately 20-40 nm (probably with 50k to 100k stars) would allow for
systematic studies using quantum dot NPs. Heterogeneity could then be controllably
added by bimodal mixing of arms or a range of arm lengths, which would allow for the
impact of spatial heterogeneity on diffusion to be studied. Further, TetraPEG stars
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make ideal building blocks for dynamic gels, as will be discussed in the following
section.
In our studies of SPT within the cell cytoplasm, we observed that NPs could
move further and faster within cancerous fibrosarcoma cells and fibroblasts exposed to
cytochalasin D compared to untreated fibroblasts. Also, using similar analysis to that
which identified heterogeneous dynamics within the synthetic polymer networks, two
categories of dynamics were found, small displacements limited to a primary mesh on
the order of 400 nm and larger displacements realized only within cell lines with more
open cytoskeletal architecture. While this study has implications for the use of NPs in
cancer treatment, the NPs used had PEG brushes on the surface, preventing specific
binding. Modifying the surface of the NPs, for example with biotin or DNA, would
provide interesting avenues for studying sticky diffusion. As many of our group’s
current projects relate to studying diffusion within biofilms, performing a similar study
with bacteria would provide useful data. This would require thinner injection needles
and more dilute NP concentrations. Overall, the translation of the analysis from
synthetic polymer systems to biological networks was exciting and I foresee more
cross-talk occurring as the collaborations of REACT grow.
7.2

NP Diffusion in Dynamic Tetra-Polyethylene Glycol Network

7.2.1

Applications of Dynamic Polymer Networks
When conventional, covalently crosslinked gels are sheared beyond yield, the

bonds are broken and cannot reform. Gels that contain dynamic or reversible bonds,
however, have the ability to self-heal by reforming physical bonds. Methods to develop
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dynamic networks range from hydrogen bonding10 to hydrophobic interactions11 to
transition metal ion complexing12. Importantly, the networks can appear elastic if shear is
applied more rapidly, or can flow if shear is applied more slowly than the time scale of
the bond disassociation. For transition metal ion complexing gels, the relaxation time
ranges from tenths of a second to minutes depending on the ratio of metal ion to binding
group.13 For hydrophobic and hydrogen bonding dynamic networks, the relaxation time
depends strongly on the number of bonding groups within the polymer chain.
Additionally, due to the ability to break and reform bonds, these gels can be more easily
processed by molding techniques than conventional gels, making them great candidates
for injectable biomedical applications.11 The dynamic nature of the bonds also makes this
category of gels useful for applications such as 3-D cell culture substrates by allowing
cell infiltration and drug delivery materials by controllably releasing molecules14. Many
of the above applications involve nanoscale guests, thus wedding an understanding of the
structure-property relationship of these gels with characterization of NP diffusion within
them is critically important for advancing these unique applications.
7.2.2

Synthesis Method
One of the most promising methods for forming a self-healing gel with a wide

variety of mechanical and dynamic properties is transition metal ion complexing. This is
due to the tunability of the affinity between the polymer end groups and the metal ion. 13
Additionally, the ability to change the structure of the macromers forming the network
allows for more controllability in the resulting gel mesh. As most conventional gels are
heterogeneous, homogeneous gels, such as those created by gelling four arm star
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polymers, provide novel materials for more systematically determining parameters that
influence gel strength, structure, and the relationship between network dynamics and NP
dynamics.
Preparation of the TPEG end-capped with terpyridine moieties to create dynamic
gel networks will follow reference 12 closely, with modifications to the molecular weight
and starting materials. TPEG macromer (20kDa MW) with azido terminal groups can be
purchased from Creative PEGWorks, shown in Figure 7.1A. The end groups of the PEGAzide allow for alkyne click chemistry to be performed12. To create the propargylterpyridine molecule that will click to the PEG-Azide, the starting material of 2,6-bis(2pyridyl)-4(1H)-pyridone and propargyl bromide solution can be purchased from Sigma
Aldrich, shown in Figure 7.1B and C, respectively. From these starting materials, the
remaining procedure from reference 12 can be followed. Briefly, the 2,6-bis(2-pyridyl)4(1H)-pyridone is stirred in anhydrous acetonitrile to which potassium carbonate and
propargyl bromide are added before heating under argon. After cooling to room
temperature, the solution is mixed with water to precipitate the propargyl-terpyridine,
which is then washed and dried. The propargyl-terpyridine is mixed into PEG-Azide in
the melt state to allow for the click chemistry reaction before dissolving in
dichloromethane, and precipitating the product in cold diethylether. The TPEG with
terpyridine terminal groups can be seen in Figure 7.2. 12
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Figure 7.1: Starting materials for creating TPEG dynamic networks, (A) 4-Arm PEGAzide15 (B) 2,6-Bis(2-pyridyl)-4(1H)-pyridone16 and (C) propargyl bromide solution.

Figure 7.2: End product of synthesis, TPEG with terpyridine terminal groups. Adapted
from 12 with permission from the Royal Society of Chemistry.
7.2.3

Dynamics of the Network
The microscopic dynamics of the TPEG network are determined by the strength

of binding to the metal ion as well as the molecular weight of the macromers forming the
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network. The strength of the binding between polymer terminal groups and metal ions is
dependent on both the type of ion and the solvent used to swell the network. For example,
these networks can be swollen in dimethylformamide, chloroform-methanol mixtures, or
water each of which give different equilibrium association constants with metal ions of
Mn2+, Co2+, Zn2+.12 Using fluorescence recovery after photobleaching, where a small
amount of the TPEG macromers were fluorescently tagged, Rossow and coworkers13
found that the diffusion coefficient of the macromers were dependent on concentration
and equilibrium association constants. In water, when the binding ion was Zn2+ , which
weakly binds the network, diffusion decreased linearly with concentration and was
approximately 10 to 100 µm2/s. When the binding ion was Co2+, however, which binds
the network more strongly in water, diffusion of the macromers did not change linearly
with concentration and decreased to approximately 1 to 10 µm2/s. The tunable dynamics
of the macromers, in addition to the regularity of the network created by using four arm
polymers, will provide a model system for probing the impact of gel dynamics on NP
dynamics.
7.2.4

Experimental Procedure for Dynamic Network Study
To begin this project, the dynamic network must be synthesized and

characterized. The synthesis procedure is briefly outlined above and detailed in reference
12. Characterization of the network involves verification of the chemistry, structure, and
polymer dynamics. The synthesized products can be verified with nuclear magnetic
resonance. The mesh size should be determined using small angle neutron scattering
(SANS). SANS can also be used to confirm the homogeneity of the network in the gel
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state. To determine the polymer network dynamics, the shear modulus and relaxation
time should be determined using rheometry. Alternatively, some macromers could be
fluorescently labeled for single particle tracking (SPT) experiments. In this case, the
mean squared displacement (MSD) and diffusion coefficient of the TPEG stars could be
determined.
Once the network has been characterized, NP diffusion within the network can be
quantified. Important considerations for this project are the diameter of the NP and mesh
of the network and the time scales of NP and network diffusion. The mesh of the TPEG
network should be in the range of 10 nm17, thus NP probes used in this study should have
diameters on this size scale. The diffusion of NPs within the gel systems presented in this
thesis are on the order of 1 µm2/s. When the network is more strongly bound, the
diffusion of the macromers will be similar to that of the NPs, whereas when the network
is less strongly bound, the diffusion of the macromers could be faster than the NP
diffusion.13 Thus, this TPEG dynamic network allows for both regimes of fast and slow
NP diffusion in comparison to the network- making this study both novel experimentally,
and exciting from a theoretical standpoint.
7.3

Outlook
The work of this thesis was a branching point for the work of the Composto

group. Polymer dynamics in polymer nanocomposites has been extensively studied by the
Composto and Winey groups, making us one of the leading groups on the topic, as seen
by the perspective article18 and wealth of novel research literature (far too many to cite
them all)6, 19,

20, 21

that have come out of the group on the topic. NP dynamics, however,
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have just begun to be studied by the Composto and Winey groups, yet already an impact
has been made with over five papers in two years.7,

22, 23, 24, 25

A secondary branching

came from my development of the analytical framework to study diffusion using the
fluorescence microscopy capabilities of the Singh Center for Nanotechnology, whereas
others were moving from Elastic Recoil Detection using the ion beam for measuring
polymer diffusion to using Rutherford Backscattering to probe NP diffusion in polymer
melts. I foresee our group’s impact only growing as the ion beam techniques and SPT are
paired. On a final note, currently four other members of the Composto group are working
on projects that have arisen from my thesis research; this is my greatest research
achievement.
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APPENDIX
Selected MATLAB codes
beginningMSD
ma = msdanalyzer(2, 'nm', 's');
ma = ma.addAll(tracks);
%plot of tracks
ma.plotTracks
set(gca,'FontSize',24, 'Fontname', 'Arial')
axis([-3000,3000,-3000,3000])
box on
xlabel('X Position (µm)','FontSize', 24, 'Fontname', 'Arial') % xaxis label
ylabel('Y Position (µm)','FontSize', 24, 'Fontname', 'Arial') % y-axis
label
ax.XColor = [0 0 0];
ma = ma.computeMSD;
%Log log plot of msd with average
figure
ma.plotMSD
set(gca,'FontSize',24,'Fontname', 'Arial');
axis([0,3,0,20000000])
set(gca,'xscale','log');
set(gca,'yscale','log');
ma.plotMeanMSD
mmsd = ma.getMeanMSD;
box on
% linear MSD plot
figure
ma.plotMSD
set(gca,'FontSize',24, 'Fontname', 'Arial');
axis([0,3,0,15000000])
box on
ax.XColor = [0 0 0];
%grey graph
figure
ma.plotMeanMSD(gca, true)
mmsd = ma.getMeanMSD;
t = mmsd(:,1);
x = mmsd(:,2);
dx = mmsd(:,3) ./ sqrt(mmsd(:,4));
errorbar(t, x, dx, 'k')
a=2/(ma.msd{1,1}(length(ma.msd{1,1})));
[fo, gof] = ma.fitMeanMSD(a);
plot(fo)
ma.labelPlotMSD;
set(gca,'FontSize',20);
axis([0,3,0,10000000])
box on
%Mean MSD graph
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figure
plot(mmsd(:,1),mmsd(:,2), 'LineWidth',2)
set(gca,'FontSize',20);
axis([0,3,0,10000000])
set(gca,'xscale','log');
set(gca,'yscale','log');
box on

displacementsinXandY
%Written by Emmabeth Parrish
%Creates matrices containing the x & y steps between positions on every
%particle's trajectory at specified delay time
% Loop over all nMol 'molecules'
%define number of molecules and times for jumps
nMol = length(tracks);
time1 =0.08;
time2 = 0.4;
time3= 1;
%initialize matrices to collect jumps
jumpsx = {};
jumpsy = {};
jumps2x = {};
jumps2y = {};
jumps3x = {};
jumps3y = {};
count = 0;
%for all tracks
for i = 1:nMol
% Get time, x, and y columns for track(i,1)
traj = tracks(i,1);
traj = cell2mat(traj);
traj = double(traj);
%find length of trajectory; initialize/clear vars for jumps
%at diff times
n = length(traj);
currJumpsx = [];
currJumpsy = [];
currJumps2x = [];
currJumps2y = [];
currJumps3x = [];
currJumps3y = [];
for j = 1:n
for k = j+1:n
%start at any time point, end at any time point that is
%defined time away from starting time
if round(traj(k,1)- traj(j,1),4) == time1;
%find distance moved in x&y in that time
%(with direction)
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xstep1 = minus (traj(j,2),traj(k,2));
ystep1 = minus (traj(j,3),traj(k,3));
%repeat for all times that fit criteria & add
currJumpsx(end+1, 1) = xstep1;
currJumpsy(end+1, 1) = ystep1;
continue;
end
%repeat above for times 2 and 3
if round(traj(k,1)- traj(j,1),4) == time2;
xstep2 = minus (traj(j,2),traj(k,2));
ystep2 = minus (traj(j,3),traj(k,3));
currJumps2x(end+1, 1) = xstep2;
currJumps2y(end+1, 1) = ystep2;
continue ;
end
if round(traj(k,1)- traj(j,1),4) == time3;
xstep3 = minus (traj(j,2),traj(k,2));
ystep3 = minus (traj(j,3),traj(k,3));
currJumps3x(end+1, 1) = xstep3;
currJumps3y(end+1, 1) = ystep3;
continue;
end
end
% Add the current jumps vector to the end of the cell array of
jumps
% vectors
end
%add any results from an individual track, so currJumps
%var can be cleared to start on the next track
jumpsx{end+1, 1} = currJumpsx;
jumpsy{end+1, 1} = currJumpsy;
jumps2x{end+1, 1} = currJumps2x;
jumps2y{end+1, 1} = currJumps2y;
jumps3x{end+1, 1} = currJumps3x;
jumps3y{end+1, 1} = currJumps3y;
count = count+1;
end

gaussianqqplots
%Written by Emmabeth Parrish
%creates histograms of the step sizes of the displacements in
%x & y at specified time delays
%concatenates jumps in x, jumps in y into single cell array
jumps1 = [jumpsx;jumpsy];
jumps2 = [jumps2x;jumps2y];
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jumps3 = [jumps3x;jumps3y];
%extracts all jumps from cell array and combines into single
%matrix containing jumps, since there isn't a difference in
%how we treat x and y in van hove
allsteps1 = cell2mat(cellfun(@(x)x(:),jumps1(:),'un',0));
allsteps2 = cell2mat(cellfun(@(x)x(:),jumps2(:),'un',0));
allsteps3 = cell2mat(cellfun(@(x)x(:),jumps3(:),'un',0));
hold
%creates histogram of steps, with 200 bins
histfit(allsteps1,200)
histfit(allsteps2,200)
histfit(allsteps3,200)
%set properties of graphs
set(gca,'FontSize',24)
xlabel('Step Size (µm)','FontSize', 28,'Fontname', 'Arial') % x-axis
label
ylabel('Count','FontSize', 28, 'Fontname', 'Arial') % y-axis label
% axis([-2000,2000,0,1000])
%make quantile-quantile plot, show non-normality of data
box on
figure
qqplot(allsteps1);
h1 = findobj(gca,'Type','line');
x1=get(h1,'Xdata');
y1=get(h1,'Ydata');
X1 = x1{1};
Y1 = y1{1};
SStot1 = sum((Y1 - mean(Y1)).^2);
xdim1 = size(X1);
xdesign1 = [ones(xdim1(2), 1) X1'];
lscoef1 = xdesign1 \ Y1';
%get predicted y-values; calc R^2 from these and fit
yhat1 = xdesign1 * lscoef1;
lsresid1 = Y1' - yhat1;
SSlsresid1 = sum(lsresid1.^2);
ls_rsq1 = 1 - SSlsresid1 / SStot1
%repeat for timesteps 2&3
figure
qqplot(allsteps2);
h2 = findobj(gca,'Type','line');
x2=get(h2,'Xdata');
y2=get(h2,'Ydata');
X2 = x2{1};
Y2 = y2{1};
SStot2 = sum((Y2 - mean(Y2)).^2);
xdim2 = size(X2);
xdesign2 = [ones(xdim2(2), 1) X2'];
lscoef2 = xdesign2 \ Y2';
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yhat2 = xdesign2 * lscoef2;
lsresid2 = Y2' - yhat2;
SSlsresid2 = sum(lsresid2.^2);
ls_rsq2 = 1 - SSlsresid2 / SStot2
figure
qqplot(allsteps2);
h3 = findobj(gca,'Type','line');
x3=get(h3,'Xdata');
y3=get(h3,'Ydata');
X3 = x3{1};
Y3 = y3{1};
SStot3 = sum((Y3 - mean(Y3)).^2);
xdim3 = size(X3);
xdesign3 = [ones(xdim3(2), 1) X3'];
lscoef3 = xdesign3 \ Y3';
yhat3 = xdesign3 * lscoef3;
lsresid3 = Y3' - yhat3;
SSlsresid3 = sum(lsresid3.^2);
ls_rsq3 = 1 - SSlsresid3 / SStot3
box on
set(gca,'FontSize',24,'Fontname', 'Arial')

vanHoveDistributions
%Written by Emmabeth Parrish
figure(2)
[f1,x1]=hist(allsteps1,100);%# create histogram from a normal
distribution.
%hist returns [f1=counts,x1=centers]
%normalization of histogram to counts
h1 = f1/trapz(x1,f1)
stem(x1,f1/trapz(x1,f1));hold on
[f2,x2]=hist(allsteps2,100);%# create histogram from a normal
distribution.
% figure(2)
h2 = f2/trapz(x2,f2)
stem(x2,f2/trapz(x2,f2));hold on
[f3,x3]=hist(allsteps3,100)
h3 = f3/trapz(x3,f3)
stem(x3,f3/trapz(x3,f3));hold on
set(gca,'FontSize',24,'Fontname', 'Arial')
xlabel('\Delta(nm)','FontSize', 28,'Fontname', 'Arial') % x-axis label
ylabel('P(\Delta)','FontSize', 28, 'Fontname', 'Arial') % y-axis label
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